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INFLUENCE OF THE SOLVENT ON THE ELECTROMOTIVE 
FORCE OF SILVER-SILVER HALIDE CELLS 

Introduction 
Many investigations in recent years have given ample justification for 

the extension of Nernst's osmotic theory and the ordinary laws of therma- 
dynamics to non-aqueous solutions. On this basis A. a. Brodskyl has 
given a formula for the change in electromotive force (e. m. f.) with solvent 
for the cell 

M I M X ,  MfX(c l )  MfY(c2),  MY I M 

in two solvents (M, metal; MX and MY, slightly soluble salts (depolari- 
zators) of the metal; M'X and M'Y, very soluhle salts; CI = cz, equal 
concentrations of the salts). Brodsky's formula , 

in which E and E' represent the e. m. f.'s of the cell in Solvents I and 11, 
and L and v are the solubilities and activity coefficients of the salts M'X 
and M'Y in saturated solutions in Solvents I and 11. In saturated solu- 
tions in the different solvents the relationships VI\II<X = v&lX and VI\IL'Y = &ry 

are approximately true. This has been demonstrated for a in the classic 
theory by Walden and van Laar,2 and then 

This formula is a consequence of the general formula given by Brodsky,' 
and has been deduced thermodynamically through a series of two cycles 
relating the free energy of reaction both in solution and w-thout solvent, 
the initial activities and the activities of salts in saturated solutions. The 

Brodsky, Z. physik. Chem., 121, 126 (1926); Z. Elektrochem., 32, 5 (1926); 
"Scientific Magazine of the Chemical Catheder of Katerinoslaw," 1926, Vol. I; Physik. 
Z., 35, 665 (1929). 

Walden, Z. physik. Chem., 55, 68.3 (1906); van Laar, ibid., 58, 571 (1907). 
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equilibrium in solution may be calculated from thermal data by means of 
these cycles. Formula 2 may be applied only in dilute solutions. Professor 
Brodsky has demonstrated the correctness of this formula, using the cell 

Hg [ HgzC12, KC1 (61) I KBr (a),  HgzBrz I Hg 

and suggested to the writer the problem of applying the formula to the cell 
Ag 1 AgCl, KC1 (63 I KBr (621, AgBr I Ag 

in ethyl alcohol-water and methyl alcohol-water mixtures, using various 
concentrations of potassinm chloride and bromide. 

Experimental 

The potentials of the Ag-AgC1 and Ag-AgBr electrodes vary consider- 
ably depending on the methods of preparation, as has been shown by nu- 
merous investigators during the last thirty-five years. For example, the 
e. m. f .  of the cell 

Ag I AgCl, KC1 (1 M )  I KC1 (1 M),  Hg~C12 I Hg 

in water a t  25' has been measured by a number of workers since 1917, and 
has given values of E varying from 4-0.0422 to +0.04f~7.~ Further data 
have been presented by Bronsted4 and by Abegg and  COX.^ The theoreti- 
cal value given by Lewis and Randall6 is E = 0.0466 v. These differ- 
ences may be ascribed to the lack of a uniform method of electrode 
preparation. The variable manipulatory and thermal conditions under 
which silver and its halides are prepared have a marked effect on the 
characteristics of the surfaces of the products and, as a result, the silver has 
different solution tensions ("elektrolytische I,osungstension" of Nernst) 
and the halides differ in solubility. These points have been discussed in 
detail by Lewis, Randall, and  other^.^ 

In  the early part of this work, electrolytically coated silver-silver halide 
electrodes were used, prepared according to the directions of Goodwin, Jahn 
and Halla.s A pure white silver layer was prepared by electrolysis on a care- 
fully cleaned platinum wire. The electrolysis lasted for five to six days and 

a Noyes and Ellis, THIS JOURNAL, 39, 2532 (1917), give E = 0.0438 v.; R.  Gerke, 
ibid., 44, 1684 (1922), E = 0.0458 v.; Scatchard, ibid., 47,648,696 (1925), E = 0.0-266 v ; 

.Nonhebel and Hartley, Phzl. Mag., [6] 50, 729 (1925), E = 0.0467 v.; Randall and 
Young, THIS JOURNAL, 50, 989 (1928), E = 0.455 v.; Mazee, Trans.  A m .  Electrochem. 
SOC., (1929), using different methods of preparation, E = 0.0422, 0.0442,0.0444,0.0466 V. 

Bronsted, 2. physik. Chem., 50, 481 (1905). 
Abegg and Cox, ibid., 46, 1 (1903). 
Lewis and Randall, "Thermodynamics and the Free Energy of Chemical Sub- 

stances," McGraw-Hill Book Co., Inc., New York, 1923, pp. 335, 407. 
Lewis, THIS JOURNAL, 28, 158 (1906); MacInnes and Parker, ibid., 37, 1447 

(1915); Guntelberg, Z. physik. Chem., 123, 198 (1926); Randall and Young, Ref. 3; 
Mazee, Ref. 3; Carmody, THIS JOURNAI,, 51,2901 (1929). 

Goodwin, 2. physik. Chenz., 13, 577 (1894); Jahn, ibid., 33, 545 (1900); Halla, 
Z. Elektrochern, 17, 179 (1911). 
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was carried out in a KPlg(CN)2 solution containing an excess of KCN, using 
a current density of 0.9 milliampere per sq. crn., with 15-20 electrodes in 
each set. The electrolyte was prepared as directed by Ullmann.9 The elec- 
trodes were not protected from diffused daylight. After completion of the 
electrolysis, they were soaked in distilled water for one or two days, then 
immersed in a dilute silver nitrate solution and short-circuited to eliminate 
occasional differences in potential. The electrodes were then coated with a 
layer of silver halide by electrolysis as anodes in 0.75 M hydrochloric or 
hydrobromic acid, with a current density of 0.2 milliampere per sq. cm. 
The electrolysis was carried out in complete darkness and lasted for five to  
six hours. After completion the electrodes were placed in dilute potassium 
chloride or bromide solution, short-circuited and kept in the dark. 

Despite the careful preparation, these electrodes were reproducible only 
to within 0.1-0.2 mv., whereas other investigators have prepared elec- 
trodes of this type reproducible to withim 0.01-0.5 mv.1° I t  seems that 
the reproducibility of electrodes of this type depends upon many factors 
which are either accidental or imperceptible. Carmody1° has noted the 
influence of the absorption of cyanide ion and of exposure to daylight, both 
of which may be possible explanatory factors. Since the reproducibility of 
this type of electrode was unsatisfactory, they were used only in the early 
part of the work (water and ethyl alcohol-water solutions). 

Subsequent work was carried out with electrodes of the type recom- 
mended by Noyes and Ellis3 and by Lewis.' This type differs from that of 
Goodwin and Jahn in that the electrolytic layer is replaced by a silver 
sponge produced by thermal decomposition of silver oxide on the silvered 
platinum. The method of halogenizing was the same as before. The 
electrodes as prepared differed by about 0.01 mv. both in water and alcohol 
solution. Other workers1l have obtained a reproducibility of 0.00-0.25 mv. 

Ullmann, "Enzyklopadie der technischen Chemie," "Starke Versilberung." 
lo Goodwin, Ref. 8, 0.1-0.2 mv.; Jahn, Ref. 8, several tenths of a mv. ; Sackur, 

2. physik. Chem., 38, 128 (1901), 0.01-0.02 mv.; Bronsted, Ref. 4, 0.1-0.5 mv.; Byron, 
J. Russ. Phys.-Chem. SOC., 39, 1506 (1907), 0.00-0.02 mv.; Byron and Boris Afanasiev, 
ibid., 40, 70 (1908); 41, 1175 (1909), 0.03 mv.; Drucker, 2. Elektrochem., 18, 562 (1912), 
0.5 mv. ; MacInnes and Parker, Ref. 7, several tenths of a mv. ; MacInnes and Beattie, 
THIS JOURNAL, 42, 1117 (1920)' 0.03-0.05 mv., but from divers series 0.1-0.2 mv.; 
Nonhebel and Hartley, Ref. 3, 0.02 mv.; Giintdberg, Ref. 7, several tenths of a mv.; 
Carmody, Ref. 7, 0.02 in one series. Other work with this type of electrode has been 
reported by Thiel, 2. anorg. Chem., 24, 1 (1900); Abegg and Cox, Ref. 5; Pearce and 
Hart, THIS JOURNAL, 43, 2483 (1921); Sheppard and Elliot, Science, 56, 578 (1922), 
Randall and Young, Ref. 3; Horsch, THIS JOURNAL, 41, 1787 (1919); Mazee, Ref. 3. 

11 Giintelberg, Ref. 7, 0.02-0.2 mv.; Noyes and Ellis, Ref. 3, 0.05 mv.; Mazee, 
Ref. 3, 0.00 mv. Other workers with this type of electrode have been Harned and 
Pleysher, THIS JOURNAL, 47, 82 (1925); Harned and Douglas. i W . ,  48, 3095 (1926); 
Harned and Brumbaugh, ibid., 44, 2729 (1922); Harned and Robinson, ibid., 50, 3157 
(1928); I,ucasse, ihid., 47, 743 (1925); ibid., 51, 2598, 2605 (1929); Randall and Young, 
Ref. 3. 
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with this type of electrode. The writer also replaced the electrolytically 
silvered platinum spiral with unsilvered spirals of pure silver, but the PO- 
tential was not changed.12 

The type of electrode recommended by Noyes and Gllis is definitely to 
be preferred. The third type, similar to the Hg-HgzCla electrode is of no 
particular interest. The electrodes were protected from actinic light 
during and after halogenizing, and the measurements were carried out by 
the light of a dark yellow incandescent lamp. Each type of electrode was 
used exclusively in half of the work, the Goodwin-Jahn type in the first 
half and the Noyes-Zllis type in the last half; this necessitated great care 
in washing the electrodes whenever the solutions were changed. The 
apparatus was as usual: wire bridge, Weston normal cell, galvanometer 
(sensitive to ampere). The apparatus was not thermostated, since 
the temperature variation was not over 0.1-0.2' during a series of measure- 
ments, corresponding to a difference in measured e. m. f. of less than the ex- 
perimental error (about 0.03 mv.). The precision of the e. m. f. measure- 
ments was about 0.1-0.2 mv. All materials and reagents were chemically 
pure and many times crystallized (the potassium chloride, for example, 
was 99.85% pure). The solvents were prepared from Kahlbaum's "Meth- 
anol zur Analyse" and from c. P, ethyl alcohol. The electrodes were pre- 
pared in the same way both in water and alcohol, and the compositions are 
given in "gewicht prozent." 

Results 
The e. m. f.  values given are the average of three measurements on three 

different pairs of electrodes, the separate values differing from one another 
by not more than 0.1-0.3 mv. The temperature coefficients were measured 
approximately a t  15-30°. 

TEMPERATURE COEPFICIENT DATA 

Ethyl alcohol Methyl alcohol 

Solverlt Water 24.67% 50 60% 26.32% 45.03% 
dE/dT, V. -0.00018 -0 00017 -0.00012 -0.00017 -0.00014 

No correction was made for diffusion potential since the mobilities of Cl- 
and Br- are practically the same in equal concentrations of potassium 
chloride or bromide, and they are unknown for water-alcohol mixtures. 
No activity correction is necessary, since the activities of C1- and Br- are 
almost identical in equal concentrations of the potassium salts.13 

One point which should be noted is the systematic decrease of e. m. f .  as 
the concentration is diminished, notwithstanding that CKC~ remains equal 
to  G K B ~ .  This same effect was observed by A. E$. Brodsky14 on the cell 

'2 See also Randall and Young, Ref. 3. 
l3 Harned, THIS JOURNAL, 51,416 (1929). 
l4 Brodsky, 2. Elehtrochem., 32, 5 (1926), and Ref. 1. 
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Hg I HgEI2, KC1 (GI) I KBr (6th HgeBrz 1 Hg 
The writer has made the same observation on the same cell a t  concentra- 
tions of 0.1 to 0.0001 M. The value found for thee. m. f .  may be compared 
with Goodwin's results. Goodwin measured the e, m. f .  of the cell 

Ag I AgC1, KC1 (ci) / KBr (cz), AgBr / Ag (ci = q) 

and found in water an e. m. f. of 0.148 mv. at  25' (c = 0.1 M), 0.149 v. 
(c = 0.05 M). Must be 0.150 v. at 15' (c = 0.1 M), 0.151 v. (c = 0.05 M).  
The writer's measurements a t  15' give an e. m. f. of 0.1533 v. a t  c = 0.1 .&I 
and 0.1528 v. (interpolated) a t  c = 0.05 M. The discrepancy is explain- 
able on the basis of insufficient precision in Goodwin's measurements made 
in 1894, since his individual observations at  the same concentration and 
temperature differed by 4-6 mv. The observed increase of e. m. f .  with 
diminishing concentration is easily accounted for on this basis. 

Solvent 

Water 
Water 
Water 
Ethyl alcohol, 24.67% 

75.06% 

Methyl alcohol, 26.32% 

E corrected 
Concentration E at this I, at 1 5 O .  

KC1 KBr t, OC. volt volt 

Verification of the Theory.-The e. m. f. values obtained were used in 
verifying Formula 2. Solubility data were taken from the work of S. 
Zeitlin.15 Table I11 gives the observed e. m. f. values and those calculated 
with the aid of Formula 2. Column 1 lists the first solvent, for which the 
e. m. f. (E) is known, and Column 2 gives the second solvent, for which the 
e. m. f . (E')  has been measured and calculated from E and the solubilities. 
E and E' correspond to the same concentrations; t is 15O; the e. m. f. values 
are rounded to millivolts and the solvent compositions are given to even 

l6 S. Zeitlin, 2. physik. Chem., 121, 39 (1926). 
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percentages. Values in parentheses are interpolated from closely adjacent 
concentrations. 

TABLE 111 
RESULTS 

Solvent I 

Water 
Water 
Water 
EtOH, 25% 
EtOH, 25% 
EtOH, 50% 
Water 
Water 
Water 
Water 
MeOH, 25% 
MeOH, 25% 
MeOH, 25% 
MeOH, 45% 
MeOH, 45% 
MeOH, 75% 

Solvent I1 

EtOH, 25% 
EtOH, 50% 
EtOH, 75% 
EtOH, 50% 
EtOH, 75% 
EtOH, 75% 
MeOH, 26% 
MeOH, 45% 
MeOH, 75% 
MeOH, 100% 
MeOH, 45% 
MeOH, 75% 
MeOH, 100% 
MeOH, 75% 
MeOH, 100% 
MeOH, 100% 

E - E', 
calcd. 

0.0054 
,0118 
.0184 
,0064 
.0129 
.0065 
.0041 
.0098 
.0153 
.Om4 
,0057 
.0111 
,0163 
.0055 
.0174 
.0051 

0.1 M 
E', E', 

calcd. meas. 

0.05 M 
E' E', 

A, % ccslcld. meas. 

0.01 M 0.005 M 0.001 M 
E', E'. E,  E,  E ,  E,  calcd. meas. A, % calcd. meas. A, % calcd. meas. A, % 

The average deviation between EL,,,. and E : ~ ~ ~ ~ .  is about 1.8%. These 
differences may be due to the somewhat uncertain values for the solubilities 
in the concentrated alcohols (the absolute values are not very large) 
The observed data demonstrate the validity of Formula 2 and its premises. 
A comparison of these results with recent data obtained in this Laboratory16 
indicates the correctness of the premises and shows that Nernst's osmotic 

l6 Brodsky arid Trachtenberp, 2. physik. Chem , 143~4, 287 (1929); Brodsky and 
Boruhowich, J. chim. phys , 26, 542 (1929). 
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theory is applicable to the usual electrodes as well as to oxidation-reduction 
electrodes. 

The writer wishes to exprcss his thanks to Professor A. E. Brodsky both 
for suggesting the problem and for help in carrying it out. Part of the 
material presented appeared in 2. EEektrochem., 39, 220 (1929). Slight 
corrections are necessary to part of the published data; the corrections 
have been applied in this report. 

Summary 
1. The methods of preparation of silver-silver chloride and silver-silver 

bromide electrodes have been studied, and it has been found that the pro- 
cedure recommended by Noyes and Ellis is to be preferred. 

2. Measurements have been made of the e. rn. f. of the cell Ag I AgC1, 
KC1 (cl) I KBr (cz) (CI = cz), AgBr ( Ag in water and in ethyl and methyl 
alcohol-water mixtures of various concentrations. 

3. The results obtained justify the application of Nernst's osmotic 
theory to non-aqueous solutions, as has been carried out by Professor A. E. 
Brodsky. 

DNIEPROPETROVSK, EKATERINOSLAW, U. S. S. R. 

[CONTRIBUTION FROM THE LABORATORY OF PHYSICAL CHEMISTRY, CAMBRIDGE, ENGLAND, . 
AND THE CHEMICAL LABORATORY OP NORTHWESTERN UNIVERSITY 1 

THE PROPERTIES OF SELENIUM TETRACHLORIDE1 

The tetrahalogen compounds of the electronegative elements in group 
number six of the periodic table are of considerable interest from the point 
of view of molecular structure. On the Lewis theory the central atom 
should be represented with a shell of ten electrons, four pair of which are 
shared with the halogen atoms and one pair which is not shared. Henley 
and Sugden2 propose a shell of eight electrons with two of the halogen 
atoms held by single electron bonds. 

Of these compounds the following are known: SC4, SF4, SeBr4, SeC14, 
SeF4, TeI4, TeBr4 and TeC14. The formulas of most of these have, how- 
ever, been assigned from only an analysis of the crystalline compound. 
The molecular weights and therefore the number of atoms in the molecule 
have not been determined. In fact, a number of these compounds afe very 
unstable crystalline substances, the crystal structures of which are not 
known. The stability of these compounds increases in the expected man- 

' Part of this work was done while the author was a National Research Fellow a t  
Cambridge University. 

Henley and Sugden, J. Chem. Soc., 1058 (1929). 
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ner as one proceeds from the iodide to the fluoride and also as one changes 
the central atom from sulfur to tellurium. SIa, SBr4 and Se14 are not 
known, undoubtedly because they are too unstable to exist under any 
ordinary laboratory conditions. Scl,, SeBr4 and TeIa are known only as 
very unstable solids which decompose upon heating. SeC14 and TeBr4 are 
crystalline solids which can be sublimed. SP4, SeP4 and TeC14 form liquids 
under ordinary pressures. TeP4 would be expected to be a stable com- 
pound but it has not yet been isolated. 

Before these compounds can be used in a discussion of molecular struc- 
ture, i t  is necessary that more information be obtained about them. In 
this paper a report of a study of selenium tetrachloride will be given. 

Several attempts have been made to determine the molecular weight of 
selenium tetrachloride. Clausnitzer3 reports that the vapor density by the 
Dumas method is one-half the normal value for SeC14 but does not record 
the temperature of the determination. Evans and Ra rn~ay ,~  however, 
found the vapor density normal below 200' and the material half de- 
composed a t  288'. Chambrie5 finds the vapor density a t  360' to be one- 
half normal. Beckmann6 determined the freezing point lowering of 
selenium tetrachloride in acetic acid a t  16.5' and obtained molecular 
weights varying from 142 to 152 depending on the concentration. He 
made very modest claims for these determinations, for he accounted for the 
results by a reaction with the solvent, a dissociation of the selenium tetra- 
chloride, or a reaction with water in the solvent. 

Preparation of Selenium Tetrachloride.-Elementary selenium was treated with 
pure dry chloride in a pyrex glass apparatus, which consisted of several tubes sealed 
into one another. The selenium was placed in the iirst tube, the air in the apparatus 
was flushed out with chlorine, and then the tube containing the selenium was placed in 
a small electric furnace. By proper control of the temperature the tetrachloride could 
be sublimed into the first tube out of the furnace, a t  the same time that  a chlorine 
stream entered the tube in the furnace. When all of the selenium had reacted, the entire 
apparatus was heated to  drive out any oxychloride that  might be present. After this 
the apparatus was allowed to cool, admitting more chlorine to  keep out air and then it  
was evacuated and sealed off. After the product had been sublimed out of the first 
tube, this was sealed off, and the second one placed in the furnace to  sublime the product 
into the small tubes in which it  was to  be contained for storage and use. These small 
tubes could then be sealed off and preserved. 

Vapor Density.-The apparatus used for measuring the vapor density is shown in 
Fig. 1. The furnace was made of a piece of copper pipe one and three-quarters inches 
inside diameter, ten inches long, and with a wall one-half inch thick. It was covered 
with asbestos paper, uniformly wound with nichrome wire, covered with alundum 
cement, packed with magnesia into a metal can and cemented a t  the openings with fire 
clay. Copper disks one-half inch thick served as base and cover. The lower one con- 

Clausnitzer, Ann., 196, 268 (1879). 
Evans and Ramsay, J. Chem. Soc., 45, 62 (1884). 
Chambrie, Bull. soc. chim., 2,  803 (1890). 
Beckmann, Z. physik. Chem., 70, 1 (1910). 
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tained a n  opening for the thermocouple and the upper one a n  opening for the capillary. 
Two loops of heavy copper wire formed handles for the cover A copper tube one- 
quarter inch inside diameter, one inch outside and about six inches long was connected 
t o  nichrome wires which could be used i o  lift, carry or support it. This tube fitted over 
the capillary of the glass bulb and was kept a t  a higher temperature than the  furnace by 
means of a gas flame. 

The pyrex glass bulb had a volume of about 135 CC. The depression in the bottom 
kept the material in the bulb to  the outside and so near the source of heat. 

The thermocouple was of copper-con- 
stantan. The wires were slipped into a capil- 
lary tube of hard glass which was then heated 
and bent. To  prevent oxidation of the wires 
the tube was filled with dry carbon dioxide and 
the ends were sealed with cement. 

To  check the uniformity of the tcmpera- 
ture in the furnace as well as assist in the cali- 
bration of the thermocouple, a glass bulb similar 
in shape and size t o  those used in the deter- 
minations was sealed t o  a capillary tube which 
connected to  a two-atmosphere open-tube 
manometer. The bulb was filled with dry 
nitrogen and used as a constant volume gas 
thermometer. A comparison of the calibration 
of the thermocouple by this means with its cali- 
bration by us? of fixed points showed no devi- 
ation within the precision of the measurements. 
This showed that the temperature within the 
furnace was uniform. The fixed points used 
were the boiling points of water and sulfur and 
the freezing points of tin and lead. The thermo- 
couple was read by a potentiometer so arranged 
that  one scale division 011 the instrumeut cor- 
responded t o  less than one-tenth of a degree 
centigrade. 

A small sample tube of selenium tetrachlo- 
ride with the tip opened was placed in the bulb 
before the capillary was drawn, the bulb a t  that 
time being filled with dry nitrogen. After the 
capillary was drawn, the bulb was evacuated 
and sealed. The excess material was allowed Fig. 1.-Vapor density apparatus. 
t o  escape through the capillary by opening it 
when the temperature of the furnace was held constant a t  slightly above the  subliming 
temperature. The capillary was sealed and the bulb removed from t h e  furnace and 
weighed. Repeated determinations could be made by opening the tip of the  capillary 
with a small flame when the temperature of the furnace was ten or more degrees above 
the temperature of the previous determination, and the tube again sealed by  removing 
a small piece of the capillary. The barometric pressure and the temperature of the  
balance case were recorded for each determination. The volume of t h e  bulb and the  
weight of the glass of bulb, tips, etc., were found a t  the end of the series of determina- 
tions. The results are given in Table I. The calculations were made using the perfect 
gas law. 
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The color of the bulb filled with gas just as it was taken out of the furnace varied 
as the temperature was raised. At the lower temperatures in the vicinity or less than 
250" the gas was light yellow. As the temperature was raised, it became darker and 
darker until it was about the density of color of bromine vapor a t  atmospheric pressure. 
This was despite the fact that the density of the gas was decreasing as the temperature 
was raised. Above about 500' the shade of color seemed to remain constant. 

VAPOR DENSITY OF SELENIUM TETRACHLORIDE 

Bulb No. 1 Bulb No. 2 
Vapor 

Temp., density. 
OC. (Hz = 2.016) 

Vapor 
Tepmp., density 

C. (Hz = 2.016) 

360.5 110.4 
376 110.6 
406 109.9 
435.5 110.0 
466 110.1 
493 110.5 
521 109.9 
574.5 109.9 

Av. 110.4 

Vapor 
Temp., density 

O C .  (Ha = 2.016) 

Vapor 
Temp., density 
"C. (Hz = 2.016) 

" Not averaged. 

Melting and Subliming Points.-Voigt and Biltz7 report the only attempt a t  de- 
termining a melting point of selenium tetrachloride. They state that between 400 and 
500° the material melted in a sealed tube but a gas was evolved and the tube exploded. 

A thick-walled six-millimeter tube containing selenium tetrachloride was carefully 
sealed and placed in a furnace which had an opening so that the tube could be watched 
with a telescope. The temperature of the furnace was raised until the crystalline ma- 
terial seemed to melt; then the temperature was lowered until it crystallized again. This 
alternate melting and freezing was repeated a number of times. The average tempera- 
ture of these determinations was 305 * 3 '. The liquid formed is very dark red (almost 
black) and this makes it difficult to observe the formation of the crystals. 

To determine the temperature a t  which the vapor pressure of the material is one 
atmosphere (the subliming point), the bulb as set up for the vapor density experiments 
was used. Before all the solid was allowed to escape, the capillary was sealed; then, 
by a careful control of the temperature of the furnace, the end of the capillary was tested 
with a flame to see when the glass blew out a little and when it sank in. A mean of 
these temperatures was taken for the value. I t  is 196 1 ". 

Solubility Relations.-In order to study the solubility of selenium tetrachloride 
in a non-polar solvent, a small amount of the solid was placed in a tube of dry carbon 
tetrachloride, the tube sealed, placed in a water-bath and heated to about 100 ". There 
was no indication of any solubility. Methyl cyanide was considered for use as a polar 
solvent; it, however, reacted with the crystals. 

Discussion 
The insolubility of this compound in non-polar solvents and apparent 

solubility in polar solvents6 seems to indicate that it is polar in nature. 
However, due to its high melting point its solubility in non-polar solvents 

Voigt and Biltz, Z. anorg. allgem. Chem., 133,277 (1924). 
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would be small even if it were non-polar, but in that case it should be more 
inert to polar solvents. 

The vapor density is about one-half that which the formula SCl*  would 
indicate. As this value remained constant for the entire temperature range 
of the experiments, it shows that the vapor is completely dissociated under 
these conditions. This confirms the results of Clausnitzer and of Chambrie 
but is not in agreement with those of Evans and Ramsay. This would 
seem to indicate a dissociation of this kind 

SeC14 = SeClz + Cl* 

However, SeClz is not recorded in the literature. The same result for 
vapor density would be obtained from the reaction 

2SeC14 = SepCI2 + 3C12 

as suggested by the earlier workers. There seems to be a change in the 
substance as heat is applied, as seen by the change in color. This is, of 
course, no proof but it may be an indication, for SCl2 and TeCL are both 
known, the former being red in color and the latter so dark red that it is 
almost black. Also SCl2 is much deeper in color than SzCl2 and so we 
expect SeCl2 to be deeper in color than Se~C12. The author would like to 
suggest that the decomposition takes place to form Se2C12 a t  the lower 
temperatures (250') and SeC12 at higher ones (500'). 

As these experiments show the vapor of the material to be completely 
dissociated in the gas phase over the range of temperature from 200 to 
GOO0, the mechanism of subliming must be the formation of a lower chloride 
and chlorine and a recombination to form the crystalline material upon 
cooling. The depth of color of the liquid formed by melting the crystals, 
as well as the very high pressure necessary, indicates a dissociation in the 
liquid state probably to SeC12. This may cast some doubt as to whether 
the molecular species SeC14 as such exists at  all, for without x-ray crystal 
studies we do not know the molecular form in the crystal state. 

Summary 

A method of preparing pure selenium tetrachloride is described. 
The vapor density of selenium tetrachloride has been determined from 

200 to 600° at one atmosphere pressure. The vapor is completely dis- 
sociated under these conditions. 

The apparent melting and subliming points of selenium tetrachloride 
are determined. 

The solubility relations of selenium tetrachloride indicate the material 
to be polar in nature. 

The existence of SC12 is indicated in these experiments. 



[CONTRIBUTION PROM THE LABORATORY OF PHYSICAL CHEMISTRY, CAMBRIDGE, ENGLAND, 
AND THE CHEMICAL LABORATORY OF NORTHWESTERN UNIVF$RSITY] 

THE PROPERTIES OF TELLURIUM TETRACHLORIDE' 

In a former paper2 the author has pointed out the fact that although the 
tetrahalogen compounds of sulfur, selenium and tellurium are of consider- 
able interest in theories of molecular structure, very little is known about 
them. 

A study of tellurium tetrachloride has added interest because of the re- 
cent investigation of Drew3 in which he showed that Te(CH3)2X2 went 
over readily to a double salt Te(CH3)3X.TeCH3X3. This indicates that 
the compound has a tendency to get away from the unstable ten electron 
shell by two molecules associating, giving an eight electron shell to one 
tellurium atom and a twelve to the other. It would be interesting to see 
whether tellurium tetrachloride has double molecules in the gas phase. 

Michaelis4 made Victor Meyer determinations of the vapor density of 
tellurium tetrachloride with the following reported results. 

Vapor density 
Calcd. TeCla (referred to 

Temp., OC. Experimental air at same temperature) 

448 9.028 9.224 9.32 
530 8.859 8.464 9.32 

Preparation of Tellurium Tetrachloride.--The tellurium tetrachlor~de was prepared 
in a similar manner and in an apparatus similar to that used for selenium tetra~hloride.~ 
As the tellurium compound distils rather than sublimes, the necks of the small reserve 
bulbs were restricted to facilitate sealing off. One more distillation was obtained 
by having an additional distilling bulb in the chain. 

Melting and Boiling Points.-The melting point was obtained from the cooling 
curve after the material had been fused in a small electric furnace. The melting point 
thus determined is 225". 

The boiling point was obtained by using a glass jacketed thermocouple immersed 
in the vapor above the boiling liquid. The boiling point thus determined is 390" a t  
755.6 mm. 

Solubility Relations.--Tellurium tetrachloride was found not to dissolve appre- 
ciably in carbon tetrachloride by sealing a small amount of the compound in a tube con- 
taining the dry solvent and heating in a bath of boiling water. It was found to react 
with solvents which would be expected to dissolve it, such as CHBCN. No convenient 
solvent was found in which to determine its conductivity and freezing point lowering. 
Its solubility relations indicate that it is a polar compound, salt-like in nature. 

Vapor Density.-The apparatus and method used to measure the vapor density of 

1 Part of this work was done while the author was a National Research Fellow a t  
Cambridge University. 

2 Simons, THIS JOURNAL, 52,348'3 (1930). 
a Drew, J. Chem. Soc., 560 (1929). 

Michaelis, Ber., 20, 1780 (1887). 
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tellurium tetrachloride was the same as that for selenium tetrachloride. The results 
as shown in Table I give higher values below 500" for the apparent molecular weight 
than the theoretical for TeC14, and lower values a t  more elevated temperatures. The 
higher values may be due either t o  association of the molecules or to  some difficulty 
in removing the material from the bulb as, for example, due to its adsorption on the walls. 

TABLE 1 
v.4~0~ DENSITY OF TELLURIUM ~ T R A C H L O R I D B  

Bulb No. 1 Bulb No. 2 
Vapor Vapor Vapor Vapor 

Temp., density Temp., density Temp., density Tzmp., density 
"C. (Ha = 2.016) "C. (Hz = 2.016) OC. (H2 = 2.016) C. ( H z  = 2.016) 

The latter explanation was suggested by the difficulty experienced in boiling out the 
material from the bulb a t  a few degrees above the boiling point. Repeated determina- 
tions gave similar results to  those recorded here. As the apparatus and method func- 
tioned very well for selenium tetra- 
chloride, i t  was thought that  the diffi- 
culty might be due t o  the fact that  
tellurium tetrachloride is a polar 
liquid, and as such would be difficult 
to remove from the glass surface. 

Above 500" the color of the vapor 
in the bulb became darker with 
higher temperature. This indicated 
dissociation, for TeC12 is dark red. 

In order to  investigate the ma- 
terial in the gas phase a t  lower tem- 
peratures to  determine whether or not 
the molecules were associated, the 
following work on the vapor pressure 
was done. 

Vapor Pressure.-The apparatus, 
as shown in Fig. 1, consisted of a pyrex 
tube containing a sealed-in bubbler 
joined to  another tube by a ground- 
glass connection. The latter tube 
had an outlet to  the air. This appa- 
ratus was placed in a furnace so that 
the lower end of the second tube pro- 
jected below the end of the furnace. Fig. 1.-Apparatus for determining the vapor 
This was t o  allow the vapor to  con- pressure of tellurium tetrachloride. 
dense. 

The dynamic vapor pressure method was used. A known quantity of purified 
and dried nitrogen was ~ a s s e d  slowly through the apparatus while i t  was kept a t  a con- 
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stant temperature in the furnace. The decrease in weight of the tube containing the 
tellurium tetrachloride gave the amount carried off by the nitrogen. The rate of pas- 
sage of the gas was sufficiently slow to reach equilibrium with the tetrachloride, as shown 
by the fact that increasing or decreasing the rate had no influence on the results. 

The cylinder used to measure definite volumes of nitrogen is 
shown in Fig. 2. Small glass points fixed in position and pointing 
upward provided the measuring device. A light reflected from the 
surface of the water showed very easily whether the point was just 
raising the surface of the water or was just below it. The volumes 
between the points could be calibrated closer than to one-hundredth 
of a cubic centimeter, but this was more than sufficient for our purpose. 
By test it was found that the eye could detect a difference in height of 
the water of about one three-hundredths of a millimeter, when the 
surface was just touching the point. 

The results of these determinations are given in Table 11. 
When the molecular weight is assumed to be the formula 
weight of TeC14 and the logarithms of the vapor pressure, 
calculated by using this assumption, are plotted against the 
reciprocal of the temperature, a straight line results, and 

IIIt: 1, 
this line includes the point given by the boiling point of the 
compound. This curve is shown in the graph. The point 
marked " is the boiling point. If double the formula 
weight is used as the assumption in the calculations, then 

pig- 2.-Gas the curve as shown by the crosses results. The true vapor 
measuring cylin- 
der. 

pressure should give a straight line on this graph, the slope 
being a measure of the heat of vaporization, by the equation, 

b In p / b ( l / T )  = W R .  
TABLE I1 

VAPOR PRESSURE OR TELLURIUM TETRACHLORIDE 

Weight of Vapor Vapor 
Temp. Baro- TeClr Temp. pressure pressure 

Press. Vol of of Moles metric removed of Moles (assuming (assuming 
Ne, NP, NI, of pressure, from TeClr, of TeClr), TeeCls), 

mm. cc. OC. Nz mm. tube, g. 'C. TeClr mm. mm. 

760.3 493.5 23.50.020789 759.40.0800 233 0.0002975 10.8 4 .8  
773.5 493.5 22.7 ,021211 771.3 .I270 247 .000472 16.8 8 . 5  
768.1 493.5 24 0 ,020970 767.9 ,1980 260 ,000735 26.0 13.3 
764.9 314.9 25.2 ,013273 766.3 .2257 278.5 .000837 45.5 23.4 
768.3 248 2 23.3 .010577 767.1 ,3016 295 .001127 73.8 38.7 
770.2 210.6 24.8 .008952 770.6 .4296 313 ,001597 116.7 70.4 
766.0 104.3 22.6 .004440 763.4 ,3540 328 .001317 174.5 98.6 
761.8 104.3 27 4 ,004346 766.6 ,3610 328 001342 181.0 102.7 
765.4 47.07 26.0 .001980 767.6 ,2880 345 .001070 269.5 165.3 
766.0 47.07 25 0 .001988 766.7 ,5738 360 ,002132 396.5 268 
763.2 37.60 19.8 .001610 757.4 1.7284 376 ,00641 605.0 503 

Boiling point 390 755.6 

These results indicate that the molecules are not associated, or a t  least 
that there is very little association. If the molecules were double the 
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formula weight, then the crosses should fall on a straight line. If associ- 
ation began below the boiling point, the line drawn on the assumption of 
single molecules should begin to curve at this point. This tends to prove 
that the high apparent molecular weight at  the lower temperatures ob- 
tained in the vapor density measurements is aot due to association, for if it 
were a very considerable association would be expected 200' lower a t  the 
temperatures of the vapor pressure measurements. This would 
at least be sufficient to cause a break in the vapor pressure curve, 
The heat of vaporization calculated from this curve is 18,400 
calories per mole. 

Density of Liquid.-The apparatus used in determining the density 
of the liquid was made of pyrex glass and is shown in Fig. 3. The volume 
of the lower bulb and tube connected to  it  was determined by filling i t  with 
mercury to various heights and weighing it. A h e  scratch on the glass 
just above the bulb was used as a reference mark from which to measure 
the level of the mercury. A telescope containing cross hairs was mounted 
on a traveling microscope bed for the measuring device. 

Tellurium tetrachloride was run into the apparatus carefully so as 
not to  expose it to  the air. The level of the liquid in the measuring bulb 
was adjusted by pouring the liquid from one bulb to the other. The 

ratus was then placed in a furnace which was made with copper walls one- 

I 
secondary bulb was sealed off when this was accomplished. The appa- Fig' 3.- 

D e n s i t y  

half inch thick. It had a slit in the side so that observations could be made bulb. 

on the apparatus inside it. The height of the liquid in the tube was noted a t  different 
temperatures. 

The results of these determinations are given in Table 111. Corrections were made 
both for the curvature of the meniscus and for the expansion of the glass of the bulb. 

Temp., O C . .  ... 232 277 314 315 341 344 385 424 427 
Density,g./cc. 2.559 2.494 2.443 2.442 2.402 2.401 2.334 2.275 2.260 

Surface Tension.-A pair of capillaries which had been calibrated for surface 
tension measurements a t  room temperature were inserted in a tube which contained 
tellurium tetrachloride and the tube was sealed. I t  was then put in the above-mentioned 

Surface Surface 
Tep~.. tension, T ~ P . ,  tension, 

C. dynes/cm. Parachor C.  dynes/cm. Parachor 
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furnace; after it had been kept heated for some time to make sure that the glass was 
wetted, the measurements were made. These covered a considerable temperature range. 
A close examination gave no indication of a finite angle of contact between liquid and 
glass. These results are given in Table IV. Corrections were made for the expansion 
of the glass and for the curvature of the meniscus. 

The parachors6 were calculated from thrse surface tension measurements. They 
are given in Table IV. The density of the vapor was calculated from the vapor pressure. 

In  all this work the same thermocouple was used as in the work on selenium tetra- 
chloride. 

1.5 1.6 1.7 1.8 1.9 2.0 
1 / T  X 1000. 

Pig. 4.-Vapor pressure of TeC14. 

Discussion 

These experiments show that tellurium tetrachloride exists as TeC14 in 
the gas phase. Three ways of explaining its structure are the ionic form 
TeClS+Cl-, the structure containing two single electron bonds as recom- 
mended by S ~ g d e n , ~  and a form in which a ten electron shell is assigned to 
the central atom, four pairs of these being shared by chlorine atoms. I t  is 
difficult to understand how the first form could exist in the gas phase as a 
normal gas. The second form involves the assumption of single electron 
bonds, which is an extremely questionable hypothesis. The third form 
gives a structure which agrees well with the properties of the compound. 

Of the tetrahalogen compounds of this family of elements tellurium 
tetrachloride is the only one that lends itself readily for study. The only 
others that are stable enough to exist in anything but a crystalline form 
are the fluorides and these are difficult to handle due to their reactivity 
with glass. The properties of tellurium tetrachloride are, therefore, to be 

See Sugden, J. Chem. Soc., 125, 1177 (1924). 
6 Sugden, ibid., 1058 (1929). 
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considered as representing the general properties of ten electron shell com- 
pounds in which one electron pair of the central atom is not shared. 

Summary 
A method for the preparation of pure tellurium tetrachloride is de- 

scribed. 
The melting point and boiling point of tellt~rium tetrachloride are 

determined to be 2'25 and 390°, respectively. 
The vapor density of tellurium tetrachloride is measured from above the 

boiling point to 600'. 
The vapor pressure of liquid tellurium tetrachloride is measured. 
The heat of vaporization is determined to be 18,400 calories per mole. 
The vapor of the compound is concluded to consist of single molecules of 

TeC14 from the melting point to  about 500°, where dissociation begins. 
The density of liquid tellurium tetrachloride is determined from the 

freezing point to above the boiling point. 
The surface tension of tellurium tetrachloride is determined over the 

same range. 
Tellurium tetrachloride is concluded to have a ten electron shell sur- 

rounding the central atom, four pairs of these being shared with the 
chlorine atoms. 

[CONTRIBUTION FROM THE PEARSON CHEMICAL LABORATORY OF TUFTS COLLEGE] 

THE STANDARDIZATION OF A MODIFIED OSTWALD 
VISCOMETER 

BY H. M. CHADWELL AND B. ASNES 

RECEIVED APRIL 18, 1930 PUBLISHED SEPTEMBER 5, 1930 

A viscometer conforming essentially to Washburn and Williams,l 
modification of Ostwald's viscometer has been used by one of us2 to  deter- 
mine the viscosities of several aqueous solutions, without attempting to  
determine how accurately the instrument reproduced true viscosities. 
The viscosities were calculated both by the simple law of Poiseuille and by 
assuming a value of 1.12 for m, the coefficient of the correction term which 
has been variously called the kinetic energy, Hagenbach, or inertia correc- 
tion. Washburn and Williams reported experiments on changing time of 
flow with changing pressure, to  support the conclusion that the law of 
Poiseuille, without a correction, should be used, but their method of calcu- 
lation has since been que~tioned.~ Since the magnitude of m is thought to 
be dependent upon the shape of the terminal of the capillary as well as 

Washburn and Williams, THIS JOURNAL, 35,739 (1913). 
Chadwell, ibid., 48, 1912 (1926). 
Dorsey, J. Opt. Soc. Am., 14,45 (1927). 
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upon the velocity of flowJ
3 the present investigation was undertaken to 

determine how nearly an instrument of this type reproduced absolute 
viscosities. 

At least two methods of standardizing a viscometer are available. The 
method usually adopted is to vary the time of flow of a standard substance 
by varying the pressure by known amounts. The necessary apparatus is 
c~mplicated.~ The second method is based on the measurement of times of 
flow for liquids of known viscosity. Of the data for the various liquids 
recommended as reference materials, those for water are the most trust- 
worthy. A variation in time can be obtained by varying the temperature. 

This paper reports the use of three viscometers, similar to one another in 
size of capillary and general construction, but differing in the shape of the 
ends of the ca$illary tube, ranging from a decided trumpet to the square 
end of a fractured tube. The dimensions of these viscometers were meas- 
ured carefully, and the time of flow of water was measured at  seven tem- 
peratures ranging from 15 to 30°. The resulting data are compared with 
the viscosity of water as given by previous investigations. The viscosities 
of aqueous solutions of urethan, determined a t  20 and 25O, are given to 
provide standard solutions to be used as reference materials for future 
calibration. 

Apparatus and Results for Water.-The three viscometers were all of 
the same type and constructed of pyrex glass, similar to that used before 
by one of us2 

Viscometer I had its capillary sealed into the instrument in such a way that its 
ends were decidedly trumpet shaped. The capillaries of Viscometer I1 and I11 were 
taken from the same piece of tubing. The capillary in Viscometer I1 was not sealed 
into the instrument, but connected by ground joints, sealed on the outside with de 
Khotinsky cement. Its ends were the square fractures obtained by breaking the tubing. 
Viscometer I11 had its capillary sealed in, but with more abrupt endings than Viscom- 
e t a  I, instructions being given to the glass-blower to make the endings as abrupt as 
possible. The inside diameter of the tubes into which the capillaries delivered the liquid 
was 8 mm. 

Each viscometer was mounted on a brass frame in such a way that the capillary 
was held in a vertical position in the thermostat. Each frame had three brass reference 
points that fitted into corresponding small conical cups inside the thermostat. 

The thermostat was made from a deep glass jar, insulated as usual, and was fitted 
with a copper cooling coil, a stirrer and an automatic electrical heating unit. The tem- 
perature remained constant to within *0.002" at  all temperatures except 15O, where 
the variation was slightly larger. Into the jar was built a superstructure of brass to 
hold the frame of the viscometer in a rigid and definite position. I t  was found con- 
venient to construct a frame outside of the thermostat with the reference points in similar 
positions to facilitate the measuring of the dimensions of the instruments. Windows 
through the packing of plumber's wool were provided so that the movements of the 
liquid past the scratches could be viewed easily. 

The temperatures which the thermostat maintained were obtained with a series of 

' Bingham, "Fluidity and Plasticity," McGr$w-Hill Book Co,, Jsc,, New York, 1922. 



Beckmann thermometers that  were used as secondary standards, each one being com- 
pared with a platinum thermometer. The platinum thermometer had been calibrated 
by the Bureau of Standards and has been described in THIS  JOURNAL.^ Each compari- 
son with the platinum thermometer was made within 0 01 O of the desired temperature, 
so that  any corrections t o  the Beckmann were eliminated I t  is believed tha t  these 
temperatures were accurately reproduced within a few thousandths of a degree. 

The diameters of the capillary tubes were determined by measuring the length of a 
small drop of mercury a t  a known temperature. The mercury was later weighed on a n  
assay balance with weights that  had been compared with weights certified by the 
Bureau of Standards. The measurerncnts of length were made with a "Universal 
Reading Microscope," manufactured by P UT G Pye & Co. The screw with microm- 
eter head read to 0.005 mm. The larger scale, 18 cm long, could bc read with a vernier 
to 0.05 mm. 

I n  the determination of the radius of the capillaries the mercury used had been 
purified by washings with nitric acid followed by distillation. The readings of the 
length of the thread of mercury were made a t  points equally distributed a b n g  the capil- 
lary. The results of these measurements are given in Table I .  

TABLE I 

MEASUREMENTS DETERMINING THE RADIUS OP THE CAPILLARIES 

Corrected 
ue~ght  oi No of Mean Density Radius. 
mercury 5ettlnbs length, cm. of mercury c m  

Viscometer I 

0 05593 3 2 2695 13.539 0.024068 
,06617 4 2 6814 13 539 .024087 
.06253 6 2 5311 13.541 .024099 

Mean ,024085 

Viscometer I1 

0 30874 1 13 380 13.537 0.023293 
,27087 1 11 765 13 543 .023262 
.28076 1 12 170 13.538 .023290 
,09614" 3 4 150 13 540 .023337 
,28042 1 12 155 13 540 .023289 
,06282 6 2.7248 13.538 .023283 

Mean .023283 

Viscometer I11 

0.20906 3 9.117 13 524 0.023232 
.28815 2 12.565 13.520 ,023236 
,35810 1 15 600 13 533 .023236 

Mean .023234 

" Omitted in the calculation of the mean because of evident irregularity. 

In the values of the "mean length" and the "radius," the last decimal 
place is significant only in determining the next figure. The "No. of 
settings" refers to the number of measurements of the length of each drop 
of mercury as i t  appeared a t  different positions in the capillary. 

In calculating the radius of each capillary from the weight of mercury . 
and the length of the drop, a correction was applied for the meniscus. 

"hadwell, THIS JOURNAL, 49,2795 (1927). 
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This correction was calculated by measuring the height of the meniscus with 
a microscope having a magnification of 100 and fitted with a micrometer 
eyepiece. The latter was calibrated by a Bausch and I,omb test plate 
graduated in 0.01 mm. It was assumed that the meniscus was a spherical 
segment. 

The values of the radius given above are calculated on the assumption 
that  the bore is cylindrical. Formulas6 have been advanced for capillaries 
which do not conform with this condition. If the capillary is elliptical 

is substituted for R4 in the formula for viscosity, where B and C are the 
major and minor semi-axes of the cross section. If the capillary is a frus- 
tum of a circular cone, R4 is replaced by 

where R1 and R are the radii a t  the two ends. If the capillary is a frustum 
of an elliptical cone, R4 is replaced by 

(1 - E2)3 3Rs3Ra3 
K32 + R3R4 + R42 1 + E2 (3) 

where Ra and R4 are arithmetical means of the major and minor axes a t  
their respective ends, and E = (B - C)/(B + C). B and C have the same 
meaning as in (1). 

T o  determine how great an assumption was introduced in using the 
simplest method of calculating the radius, the individually determined 
radii of Viscometer I were plotted against the position of the drop of mer- 
cury and the curve extrapolated to give the radii a t  the ends. The results 
were 0.02430 and 0.02388. If these data are substituted in expression (2), 
the corrected value for R4 comes out equal to 0.0633669, while that used in 
the calculations was 0.0633650, a difference of 0.06%. 

A short section of the capillary used in Viscometers I1 and I11 was ex- 
amined under a microscope fitted with a micrometer eyepiece and previ- 
ously calibrated with a Bausch and Lomb test plate. This showed the 
cross section to be circular within the accuracy of the examination (between 
1 and 2%). If there was a difference in the semi-axis of 20/0, the difference 
in the value of R4 would be only 0.04%. As a consequence of these meas- 
urements, i t  was felt that the first values for the radius could be used 
with safety. 

The other dimensions of the instruments were determined in the usual 
way, with corresponding accuracy. They are summarized in Table 11. 

In  the determination of the time of flow of water the usual precautions 
were taken in regard to cleanliness and absence of dust. The water was 

See Bingham, Ref. 4, p. 69. 
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~ I ~ M . M A R Y  O F  DIMENSIONS OF VISCOPETERS 
Vis. I Vis. I1 Vis 111 

Radius of capillary, cm.. . . . . . 
Length of capillary, cm.. . . 
Volume of upper bulb, ml. 
Volume used in viscometer, ml.. . 
Distance between scratches, cm.. . . . . . . 
Difference in water levels a t  start, cm. 
Difference in water levels a t  end, em. 
Mean head (h)  by Meissner (Eq. 6) 

thrice distilled, from alkaline permanganate and dilute sulfuric acid, using 
tin condensers. The time of flow was measured, as in the former investiga- 
t i ~ n , ~  by a stop watch having an excellent Swiss movement and recording 
time to one-fifth of a second. It was verified frequently and kept in a con- 
stant state as regards winding and position. 

The times of flow for water for the different temperatures, as recorded in 
Table 111, are average results of at least three runs in which the variation 
was not greater than the accuracy of measuring the time of flow (1/5 see.). 
Table I11 also includes the data for the density of water in air and the vis- 
cosity, expressed as poises, as given by the Bureau of Standardss and the 
"International Critical Tables."Vhese data are used in subsequent calcu- 
lations. 

TABLE 111 
DATA POR WATER 

Time of flow Density Viscosity 
Temp., OC. Vis. I Vis I1 Vis. I11 in air B. of S. I. C.  T. 

15.00 523.2 493 3 765.6 0.99790 0.011404 0 011447 
18.00 484.4 457.9 709.0 .99741 ,010559 ,010603 
20.00 461.3 436.3 674.7 .99703 .010050 ,010087 
22.00 439.8 415.6 643.5 .99660 .009579 .009608 
25.00 410.6 388.6 600.8 .99589 .008937 .008949 
27.00 392.8 371.2 574.5 .99536 .008545 .008551 
30.00 368.6 348.5 539.1 .99451 .008007 .008004 

Calculation of Results 

The viscosity is relatedlo to the dimensions of the viscometer by the 
formula 

where r is the coefficient of viscosity (in poises), r the radius (cm.) of the 
capillary assumed to be cylindrical, # the over-all driving pressure, t the 

Chadwell, Ref. 2, p. 1916. 
Bingham and Jackson, "Bull. U. S. Bureau of Standards," 14, No. 298 (1917). 
"International Critical Tables," McGraw-Hill Book Co., Inc., 1929, Vol. V, p. 10. 

10 See, for instance, Dorsey, Phys. Rev., 28, 833 (1926). 
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time of flow in seconds for a volume of V (ml.) through a tube of length 
1 cm., e the Couette correction, m a numerical factor usually taken as 1.12, 
and p the density of the liquid. 

I t  follows from this formula that if ?lpt is plotted as ordinates and l/t2 
as abscissas for liquids of different known viscosity, the slope of the line to 
the axis of abscissa is 

mV 
tan  8 = - - 

8Ln 

where 8 is the angle between the line and the axis and L is the effective 
length (L = I + e ) .  The intercept on the axis of abscissa is a2r4hg/mv2 
and the intercept on the axis of ordinates is .rrr4hg/8 VL where "h" is the 
effective height causing the liquid to flow by its own hydrostatic pressure 
( p  = hpg) and g is the force of gravity. If m is zero, the line will be parallel 
to the axis of ordinates. 

It should be emphasized, in support of this method, that one can conclude 
whether m has a value other than zero quite independently of any measure- 
ments of the dimensions of the capillary. If it is zero, the conclusion de- 
pends upon the values of viscosity taken as standard, the density of the 
liquid and the time of flow; if m does not equal zero, its value is calculated 
from measurements of the volume of the liquid and length of capillary, not 
upon the radius. 

This method of evaluating m is not new. I t  is similar to the method of 
Knibbsl1 where one liquid is used to calibrate a viscometer by allowing it 
to flow under different pressures, and then plotting pt against l/t. Nor 
is it very dissimilar from that of Herschel,12 who uses a series of liquids of 
known viscosity and plots Reynolds' criterion (R = vdpls where v, the 
velocity, is equal to V/.rrr2t, and d is the diameter) against r'/ll, the ratio of 
the viscosity as calculated without the second term of Formula 4 and using 
the measured length ( I ) ,  to the true viscosity (?). By this method the 
intercept on the axis of r'/r is equal to (1 + e)/l and the slope of the line 
gives the value of m by the formula m = 32 l/d.tan 8. 

Both the method suggested by the authors and Herschel's method of 
evaluating m presuppose the knowledge of certain viscosities, either of one 
liquid at  different temperatures or different liquids at the same tempera- 
ture. Since water has been studied more carefully than any other liquid, 
it was selected as the basis of comparison, and used at  different tempera- 
tures as described above. 

The data for the absolute viscosity of water as determined by various 
investigators have been recalculated by Bingham, assuming that m has 

See Rieman, TAIS JOURNAL, 50, 46 (1928). Since this manuscript was prepared 
i t  has been fourtd that ITiggins has used t he  qamc method of plotting q/pt against l / t 2 .  
Higgins, J .  Soc. Chem. InrE., 32, 568 (1913). 

l2 Herschel, Proc. Am. Soc. Test. Mat., 19, 677 (1919); also Herschel and Bulkley, 
Ind. Eng. Chem., 19, 134 (1927). 
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a value of 1.12. They have been published in several places.13 When 
made the basis for evaluating na for Viscometer I by the first method sug- 
gested, the values for -rllpt as given in Table IV result. 

TABLE IV 
VALU#S OP 71/pt  X 105 FOR VISCOMETEK I BASED ON THE ABSOLUTE VISCOSITY OF WATER 

AS DETERMINED BY VARIOUS INVEST~GATORS 
Temp,  Poiseuilfe Thorpe and Biogham and 
OC. A C D ' E Sprung Rodger White 

15 2.1807 2 1958 2.1960 2.1942 2.1709 2.1690 2.1784 
20 2.1803 2.1901 2.1879 2.1931 2.1694 2.1753 2.1860 
25 2.1765 2.1921 2.1926 2.1943 2.1880 2.1766 2.1863 
30 2.1708 2.2063 2.2049 2.2093 2.2519 2.1727 2.1798 

The columns under "Poiseuille" contain his results for four different 
capillaries. If m for our viscometers liad a value of zero, the term qlpt 
should be independent of the time of flow; if m had a positive value, qlpt 
would have to decrease with a decrease in time (increase in temperature). 
I t  is evident from the data of this table that any conclusion concerning m 
would be uncertain. 

The determinations of the absolute viscosity of water have been critically 
appraised by two reviewers8 The Bureau of Standards has accepted the 
formula 

B 
t = A ( g J + D ) + C - -  

rp+D 
(5) 

to define the changes in fluidity with temperature, where t is the centigrade 
temperature, cp the fluidity and A, B, C and D are arbitrary constants hav- 
ing the values 0.23275, 8676.8, 8.435 and 1.20, respectively. The second 
set of data were compiled by the editors of the "International Critical 
 table^."^ No information is available concerning the basis of their selec- 
tion. Both sets of values have been included in Table 111. They are the 
basis for calculating the values of given in Table V. 

The values of ? lF t  are remarkably consistent for the Bureau of Standards 
data. Viscometer 11, having fractured ends, is slightly less regular (the 
value for 15' is evidently in error) but shows no tendencies that can be 
attributed to the configuration of the terminals of the capillary. It i s  to 
be concluded that viscosities corresponding to the Bureau of Standards data 
(Bingham and Jackson) could be reproduced by any of the viscometers at the 
velocities studied, on the assumption that rn equals zero, i n  other words, by 
calculating the results by the simple Poiseuille formula. 

The values of v / p t  calculated from the "International Critical Tables" 
data show a decided trend. From them a value of m for each viscometer 
can be calculated. The data for 15' are so discordant that they are mean- 

l3 Bingham and Jackson, Sci. Paper Bur. Stand., No. 298 (1917); Landolt-Bh- 
stein, "Physikalisch-Chemische Tabellen," Erster Erganzungband, 1927, p. 83; Bing- 
ham, Ref. 4, p. 339. 
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TABLE V 
VALUES OF q/pt FOR THE THREE VISCOMETERS USING ~ H ~ O  ACCORDING TO THE BUREAU 

OF STANDARDS 

v / p l  X 10s % Deviation from average 
Temp., '"2. Vis. I Vis. I1 Vis. I11 Vis. I Vis. I1 Vis. I11 

15.00 2.1843 2.3166" 1.4926 -0.04 +0.23" -0.06 
18.00 2.1854 2.3119 1.4931 + .O1 - .03 - .03 
20.00 2.1851 2.3103 1.4939 * .OO - .04 + .03 
22.00 2.1855 2.3127 1.4937 + .02 + .06 + . O 1  
25.00 2.1856 2.3093 1.4937 + .02 - .08 + . O 1  
27.00 2.1856 2.3128 1.4943 + .02 + .06 + .05 
30.00 2.1842 2.3103 1.4934 - .04 - .04 .OO 

Average 2.1851 2.31 12 1 ,4935 .02 .05 .03 
" Not included in average. 

VALUES OF q I P t  FOR THE THREE VISCOMETERS USING q ~ ~ 0  ACCORDING TO "INTER- 
NATIONAL CRITICAL TABLES" 

v / p t  X 103 % Deviation from average 

Temp.. O C .  Vis. I Vis. I1 Vis. I11 Vis. I Vis. I1 Vis. I11 

15.00 2.1925 2.3254 1.4982 $0.10 $0.34 +0.08 
18.00 2.1946 2.3215 1.4993 + .20 + .17 + .15 
20.00 2.1931 2.3208 1.4994 + .13 + .14 + .16 
22.00 2.1921 2.3196 1.4982 + .09 + .09 + .08 
25.00 2.1885 2.3124 1.4957 - .08 - .22 - .09 

. 27.00 2.1871 2.3142 1.4953 - .14 - .14 - . l l  
30.00 2.1834 2.3094 1.4928 - .31 - .35 - .28 

Average 2.1902 2.3176 1.4970 

ingless, and so are not included. For Viscometers I and 111, having the 
capillaries sealed into the glass and as a consequence having trumpet- 
shaped openings, the values can be determined graphically (by the method 
outlined above). Figure 1 shows the plot of q / p t  against l / tZ .  The slopes 
of the lines are -0.0355 and -0.0487, leading to values of m of 2.15 and 
2.27. The data for Viscometer I1 (having squarely cut ends) are not close 
enough to  a straight line to insure much confidence in the result. The 
slope of the most probable straight line was calculated by the method of 
least squares as -0.0364, which corresponds to values of m equal to 2.93. 
It would seem that the data from the Bureau of Standards, with the ac- 
companying conclusions, are the most trustworthy. 

When Herschel's method is applied to these data, the conclusions re- 
garding m are, of course, the same, but it also produces the Couette correc- 
tion. This method has been applied to the data for the three viscometers, 
using the viscosity of water according to  the Bureau of Standards. The 
results are given in Table VI, where K represents Reynolds' criterion. In 
order for m to have a value other than zero, the data for q ' / q  would have to 
show a definite trend, for m is a function of the slope of the line when R is 
plotted against q f / v .  

According to this method the Couette correction (e )  is given by the 
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TABX.~ VI 
HERSCHEL'S MSTHOD APPLIED TO THE: THRES VISCO~~~CT.?+&S USING l f ~ ~ o  ACCORDING TO 

THE BUREAU OR STANDARDS 

Viscometer I Viscometer I1 Viscomcter 111 
Temp., O C .  R P ' / P  R v'/? R V'/P 

15.00 31.61 1.0041 25.88 1 0160" 27.79 1.0161 
18 00 36 85 1 0036 30.10 1.0180 32.40 1.0157 
20.00 40.64 1 0038 33 18 1 0187 35.75 1.0152 
22.00 44.71 1.0036 36.52 1.0177 39 31 1.0153 
25.00 5129 10035 41 84 1 0192 45 10 1 0153 
27.00 56.04 1.0035 45.78 1 0177 49.30 1.0149 
30.00 63.68 1.0041 51 99 1.0187 56.02 1.0155 
Average 1.0037 1.0183 1 0154 

" Not included in the average. 

expression e = l(u - 1) where a is the intercept on the q ' /q  axis correspond- 
ing to R = 0. The calculated corrections are 0.064, 0.315 and 0.255 cm. 
for the three viscometers. I t  is not to be expected that these values of the 
Couette correction would bear the relationship to the radius as derived 
from theoretical considerations. They really represent a correction to one 

4 8 4 8 2 4 
l/t2. 

Fig. 1.-The values of I l / p t  (X  lo5), using the data of "International 
Critical Tables" for the viscosity of water, are plotted against 1/t3 ( X  106) 
for the three viscometers. The slopes of the lines give the values of m. 

particular measured dimension of the capillary to counteract inaccuracies in 
the others. The real Couette correction for these viscometers is almost 
negligible, for the ratio of l / r  is so large, the correction being much smaller 
than the uncertainty in measuring the length of a capillary terminating in 
trumpet-like openings. 

These results are of interest in relation to Dorsey's14 interpretation of 
l4 Dorsey, Phys. Rev., 28, 833 (1926); and J. Opt. Soc. Am., 14,45 (19;7). 



3502 H. M. C H A D W ~ L L  AND B. ASNES Vol. 52 

Poiseuille's and Bond's15 experiments on the flow of liquids through capil- 
laries. Dorsey maintains that the data show that when Reynolds' number 
(R) is less than 10, m has a value of zero and the Couette correction (e) 
is 1.146 r. If R is greater than 10, two regimes are possible if the capillary 
is long and free from mechanical vibration. In the one case m still remains 
equal to zero; in the other, and the more likely, m is probably equal to 
unity and e is half as large as before. A theoretical interpretation of the 
stability of these regimes is given, based on the premises "that the free sur- 
face of the liquid in each reservoir is great compared with the sectional area 
of the capillary, that the edge at  each terminus of the capillary is sharp 
and smooth, that at each end of the capillary the terminal face is normal 
t o  the axis of the capillary, and that the radial extent of this face, in every 
direction, and all other distances from the terminus to the wall of the 
reservoir are severally so great that the distribution of the flow of the liquid 
is essentially the same as if they were infinite." I t  is further pointed out 
that departures from these ideal conditions will result in different values of m 
and e,  and probably account for the variations actually found in determined 
values of m between 1.0 and 2, and averaging 1.12. Variation in the con- 
figurations of the terminals of the capillaries are probably the most sig- 
nificant. 

The velocities of flow through the three viscometers studied were suf- 
ficiently large to allow either of the two regimes to be satisfied, for the values 
of Reynolds' number were between 25 and 65. Furthermore, Viscometer I1 
had a capillary with terminals which fulfilled the postulated conditions, 
particularly that of a sharp-edged face normal to the axis of the capillary, 
while the others had terminals that were trumpet-like, Viscometer I11 
having a more abrupt opening than Viscometer I. Yet there is little or no 
evidence in the data given above to show that the configuration of the capil- 
lary ends in these particular viscometers played a part in determining m. 

Equation 4 has been used in various ways to evaluate different dimen- 
sions of the viscometer. Reference has already been made to Knibbs' 
method, which produces the value of m and r, and to Herschel's method 
yielding m and e. Dryden's equation16 for the evaluation of the hydrostatic 
head causing the flow is still another modification, but these methods can 
hardly be used simultaneously.~7 The value to be used for the over-all 
driving pressure (p) is particularly hard to evaluate for a viscometer of the 
Ostwald type, for the hydrostatic head is varying during the flow of liquid. 
The average head is certainly in error.18 The chronological average head 

Bond, Proc. Phys. Soc. London, 33,225 (1921); ibid.,  34, 139 (1922). 
16 Reported in a paper by Herschel, Bureau of Standards Tech. Paper, No. 210, 230 

(1922). 
l7 See Herschel and Bulkley, Ind. Eng. Chrn.,  19, 134 (1927). 
l8 See Lidstone, Phil. Mag., [VI] 43,354 (1922). 
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has sometimes been evaluated by an integration method applied to observed 
changes of head at  intervals of time throughout the flow. This pressure 
is more generally calculated from the approximation formula of Meissner 

h - h, k = ---- 
log* hlhz (6) 

where hl is the initial and hp the final hydrostatic head. This latter 
method when applied to our viscometers produced the values listed tinder 
+the heading "h" in Table 11. To determine how different these values of 
effective heads are, the correct value to be used to give the mean value of 

17/Pt in Table IV was calculated from h = - :z ($)mean assuming the 
Couette correction to be that given by Dorsey. The results are summarized 
in Table VII. 

TABLE VII 
HYDROSTATIC HEADS CALCULATED BY VARIOUS METHODS 

No. of 
viscometer ka hm hl) 

I 21.029 20.880 20.838 
I1 19.278 19.120 18.805 
I11 19.988 19.841 19.571 

Here the arithmetic average of the initial and final heads'is given as ha, 
the values by Meissner's formulas as h,, and the values calculated from 
the viscosity as h,. The percentage differences between the last two col- 
umns are 0.2, 1.6 and 1.4, respectively, for the three viscometers. 

The above comparison shoulQ not be interpreted to measure the ap- 
proximation of Meissner's formula, for all of the inaccuracies in measure- 
ments of the dimensions of the capillaries are automatically included. 
I t  is rather disconcerting, however, that the capillary for Viscometer 11, 
which was the easiest to measure, shows the largest deviation. Further- 
more, i t  should be remembered that Meissner's formula was derived on the 
assumption that the two limbs of the viscometer are cylindrical and equal, 
and these conditions are not satisfied in the design of the viscometers in 
question. 

For an exact determination of m, the length of the capillary tube should 
be relatively small so that the kinetic energy correction is large. This 
procedure was followed by Rieman,Ig who concluded that the value of m 
was 1.12. A Bingham viscometer was used, modified to the extent that 
the capillary was mounted in rubber tubing and had, presumably, squarely 
fractured ends. The times of flow under varying pressure were determined 
and the value of m calculated by the method of Knibbs. The velocities of 
flow were very different from those reported in the present investigation, 
Reynolds' number varying from 192 to 1013. 
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In the standardization here reported, the primary objects were to deter- 
mine how exactly a viscometer essentially of the Washburn and Williams 
type reproduced absolute viscosities, and to determine the effect of different 
configurations in the terminals of the capillary. We believe that the in- 
vestigation has shown that these viscometers would reproduce viscosities 
comparable to the values of water accepted by the Bureau of Standards 
(Bingham and Jackson), and a t  the velocities used, on the assumption 
that rn equals zero. If further investigation changes the absolute via 
cosities of water, the data determined by these viscometers must be 
changed. We would emphasize the need of evaluating m for a given viscom- 
eter, and for a given range of velocities of flow. We do not wish that our 
conclusions be interpreted to mean that the kinetic energy correction can 
be neglected in determining viscosity. 

The Viscosity of Aqueous Solutions of Urethan.-In order to  have 
liquids available for standardization of other viscometers, the viscosities of 
several aqueous solutions of urethan were determined with Viscometer I. 

Urethan was selected primarily because of its ease of purification by 
recrystallization. Other substances have been recommended for stand- 
ardizing purposes, particularly aqueous solutions of alcohol and of sucrose. 
The latter was discarded from consideration because of the difficulty of 
purification and because the solutions were liable to mold. Alcohol is a 
difficult substance to free from aldehyde and water. At the beginning of 
this investigation it was thought that alcohol-water mixtures could be used 
as well as water in the preliminary standardization, but the results in the 
literature were more discordant than those of water, and several weeks 
spent in purifying alcohol led to the conclusion that although relatively pure 
alcohol could be prepared, the sample obtained would not be comparable to  
those of previous investigators and certainly could not be easily reproduced 
in the future. 

Purification of Materials 
Urethan.-Urethan (NH2COOC2H5) from a reliable source was crys- 

tallized four times from water, the crystals being separated from the mother 
liquor by a centrifuge. The material was dried and kept in a desiccator 
over solid sodium hydroxide until the solutions were prepared. 

The melting points were determined by immersing a standardized tenth 
degree thermometer in a mush of the melted urethan, surrounded by an air 
jacket and immersed in a bath of warm sulfuric acid. The thermometer 
reading was corrected for emergent stem, zero point and scale deviation. 
The melting point of the material after four crystallizations was the same 
as after three, namely, 48.19.' This is slightly higher than the values 
obtained previously of 47.94 and 47.99°.20 

20 Richards and Chadwell, THIS JOURNAL, 47,2283 (1925). For other values for the 
melting point, see Ref. 7 in that paper. 
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Water.--The water was triply distilled as usual and was purified di- 
rectly before the solutions were prepared. 

Preparation of Solutions and Measurement of Viscosity.--The solu- 
tions were prepared in 100-cc. graduated flasks, their concentrations being 
determined by weighing to milligrams on an analytical balance. Pre- 
cautions were taken to prevent evaporation by adding the water last, and 
by keeping the bottles sealed with collodion. In a few cases the solution 
contained small particles oi lint, in which event it was filtered rapidly into 
another flask. Vacuum corrections were not applied for they would have 
changed the percentage by only 0.01%. 

The densities were determined in duplicate in 10-cc, Ostwald pycnom- 
eters, weighing against a sealed counterpoi~e,~~ and corrected to the 
vacuum standard. 

The technique of making a viscosity measurement was the same as with 
water. All of the runs were made with \'iscometer I ,  the determinations 
a t  25' being completed before the thermostat was changed t o  20°. Fre- 
quent runs were made with water to ascertain that the apparatus was 
functioning properly. The time for each solution was the mean of a t  least 
two runs, concordant within the accuracy of measuring time. 

In Table VIII are given the results of these experiments. In  the first 
column is given a letter to represent the order of runs, in the second the 
percentage of urethan by weight and in the third the number of moles of 
urethan (mol. wt., 89.062) per 1000 g. of solution. The values for density are 
corrected to the vacuum standard. When used in calculating the viscosity 
they are changed to the density in air by subtracting the weight of 1 ml. 
of air. The viscosities are expressed as centipoises (the viscosity in poises 
X 100) and were calculated by the formula 7 = 2.1851 pt X based on 
the results given in Table V. In  other words, the viscosities given above are 
referred to the viscosity of water as given by the Bureau of  standard^.^^ 

Table IX includes the viscosities (in centipoises) and fluidities (in recip- 
rocal poises) for these urethan solutions obtained by interpolation from the 
curve of the ratio of change in viscosity to molarity plotted against molarity 
(7 solution - 7H2O/c vs. c). The data in Table VIII are consistent with 
the exception of Solution E, whose viscosities a t  both temperatures are 
slightly high. 

21 Richards and Chadwell, THIS JOURNAL, 47,2286 (1925). 
22 These results a t  20 are in good agreement with those determined by Richards 

and Palitzsch [ibid., 41, 63 (1919)l. Their values for the relative viscosity, which 
they calculated by the simple Poiseuille formula, are as follows 
%. . . . . . . . 9.12 16.69 28.62 44.51 50.07 55.65 
1 1 . .  . . . . . . .  1.206 1.398 1.730 2.250 2.471 2.716 
By interpolation of our results we get for viscosities a t  the three lowest concentrations 
the following: 1.206, 1.402 and 1 730. Our density values are slightly lower than those 
of Richards and Palitzsch. 
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TABLE: IX 
VISCOSITIES AND FLUIDITIES OF URETHAN SOLUTIONS (FROM SMOOTH CURVES) 

7- 2 0 ° - - - 7  7 - 2  5 "------ 7 

c ~(cP.) 'P ~ ( B P . )  'P 

0.0  1 . 0 5 0  99.50 0.8935 111.92 
.5 1.1032 90.65 .9764 102.42 

1 .O 1.2067 82.87 1.0636 94.02 
1 .5  1.3157 76.01 1.1553 86.56 
2 . 0  1.4310 69.88 1.2517 79.89 
2 .5  1.5525 64.41 1.3533 73.90 
3 . 0  1.6806 59.50 1.4605 68.47 
3 . 5  1.8156 55.08 1.5736 63.55 
4.0 1.9582 51.07 1.6931 59.06 
4 . 5  2.1075 47.45 1.8201 54.94 

It might be argued that i t  was unsafe to assume that the viscometer 
would reproduce viscosities over a greater range than was used in the 
standardization, that m might change from its value of zero. If we base a 
conclusion on Dorsey's analysis, this might very well be the case for greater 
velocities of flow, but quite improbable for smaller. As a consequence, 
confidence is felt that these solutions can be used for future standardiza- 
tions. It would be interesting to see what the viscosities of these solutions 
would be if determined with an instrument with which i t  had been demon- 
strated that m had a value different than zero, and which reproduced the 
Bureau of Standards data for water. 

We are indebted to the Elizabeth Thompson Science Fund for providing 
a grant to aid this investigation. 

Summary 

Three viscometers of the Ostwald type as modified by Washburn and 
Williams have been constructed similar to each other with the exception of 
the configuration of the ends of the capillaries, which varied from gradual 
trumpets to squarely fractured ends. The dimensions of these viscometers 
were determined as accurately as possible. 

The times of flow with water were determined with the three instruments 
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a t  15, 18, 20, 22, 25, 27 and 30'. In terms of Reynolds' criterion the 
velocities of flow varied between 25 and 63. 

The resulting data were compared with previously determined viscosities 
of water in a manner to show any variations in m. It was found that any 
of the three viscometers reproduced the Bureau of Standards data for water 
on the assumption that m was zero. NO evidence was found for believing 
that m changed in value due to the configuration of the capillary ends. 

These results were discussed in relation to Dorsey's interpretation of m. 
The viscosities of urethan solutions up to 4.5 molesjl0OO g. of solution 

were determined a t  20 and 25' for future use in standardizations. These 
data were given in reference to the Bureau of Standards data for water. 

TUFTS COLLEGE (57). MASSAC~SETTS 

THE VISCOSITIES OF SEVERAL AQUEOUS SOLUTIONS OF 
ORGANIC SUBSTANCES. I1 

A study of the compressibilities and volume changes upon solution of 
several organic substances in water1 has shown that with these properties, 
the effect of a change in the polymerization of the solvent is most apparent. 
The viscosities of these same solutions determined at 25 O 2  showed no effect 
that could be ascribed to such a change in molecular state, for i t  was found 
that although the solutes had viscosities very much less than water, the 
aqueous solutions possessed a viscosity greater than water. If a depoly- 
merization of the solvent was brought about by the presence of solute, the 
viscosity should be decreased, for the depolymerized water is supposed t o  
possess a lower visco~ity.~ Determinations made at a lower temperature, 
where the water is supposedly richer in polymer, might show this effect 
more vividly. As a consequence, one of the viscometers (Viscometer I) 
whose standardization was described in the preceding paper, was used to  
measure this property a t  10' of aqueous solutions of diethyl ether, methyl 
and ethyl acetates and urethan. 

I t  has been reported4 that aqueous solutions of urea show "negative 
viscosity," or viscosity less than water. Since this seems to be an ex- 
ception to the general rule that aqueous solutions of non-electrolytes 
possess a viscosity greater than water, determinations were made a t  5, 10, 

1 Richards and Chadwell, THIS JOURNAL, 4'7,2283 (1925). 
2 Chadwell, ibid., 48, 1912 (1926). * 

a See, for instance, Tammann and Rabe, 2. anorg. allgem. Chem., 168,73 (1927). 
Bingham, "Fluidity and Plasticity," McGraw-Hill Book Co., Inc., 1922, p. 179. 

The reference to Mutzel seems to be an error. 



3508 H. M. CHADWELL AND B. ASNES V0l. 52 

15, 20 and 25". No evidence was found within the range of concentrations 
studied that this was an exceptional substance. 

Purification of Materials 
Water.-Thrice distilled water, similar to  that  described in the previous paper, 

was used for these experiments. 
Methyl and Ethyl Acetates.-Samples of esters which had been purified for a previ- 

ous investigation2 were shaken with solid sodium carbonate, treated with phosphorus 
pentoxide, and distilled in an all glass apparatus consisting of a RichardsBarry flask 
and condenser. Practically all of the material boiled a t  the same temperature as in the 
first purification, 77.15" for the ethyl ester and 57.2" for the methyl acetate (760 mm.). 
Their densities (d:',,,.) were 0 9127 and 0.9466, re~pectively.~ 

Urea.-Urea of the highest purity from a reliable commercial source was crystal- 
lized twice from water, the saturated solutions being prepared a t  60' and the crystals 
separated and washed in a centrifuge. It was dried for several days in a desiccator 
over sodium hydroxide, dried in an oven a t  50 O and then kept in a desiccator over sodium 
hydroxide until used. The urea used in the 5, 10 and 15% solutions was purified in 
the same way from material of a different source. 

The crystallizations were carried out rapidly and a t  comparatively low tempera- 
tures because of the possibility of changing urea into ammonium cyanate. Fawsitt6 
showed that  such a change, caused by heating a solution a t  100" for an hour, would in- 
crease the relative viscosity slightly. 

Urethan.-The urethan was purified in a similar manner to urea, twice crystallized 
from water with centrifuging, washing and drying. 

Apparatus and Technique 
The apparatus used in these experiments has been described in the foregoing paper. 

(Viscometer I, having a capillary radius of 0.241 mm., was used throughout.) All of the 
precautions for accurate work were observed; for instance, the solution was moved from 
the lower t o  the higher bulb in the viscometer by a n  application of pressure of dry air 
rather than by suction. 

The temperature of the thermostat was determined by a tenth degree thermometer 
that  had been standardized by the Bureau of Standards. Variations of temperature 
were measured by a Beckmann thermometer. At 5' the thermostat remained constant 
to  +0.01 O; a t  higher temperatures it  was more constant, h0.003 ". 

The solutions were made up by weight immediately preceding the experiment in all 
cases except the 5, 10 and 15% solutions of urea; in the latter cases a large amount of 
solution was prepared and used a t  the different temperatures. 

The densities were determined in 10-cc. Ostwald pycnometers which were provided 
with a small bulb beyond the graduation scratch on the side arm. A11 densities were 
calculated t o  the vacuum standard. 

Experimental Results 
The experimental results are given in Tables I and 11. 
Table I contains the results for various solutions a t  approximately lo0, 

while Table I1 shows how urea solutions change with temperature. In 
These values are in excellent agreement with those obtained by interpolation 

among the data of Young and Thomas, J. Chem. Soc., 63, 1191 (1893). 
Fawsitt, Proc. Roy. Soc. Edinburgh, 25, 52 (1904). The equilibrium has been 

studied by Walker and Hambly, J. Chem. Soc., 67, 746 (1895). 
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TABGE 1 
THE: RELATIVE VISCOSITIES OJ? VARIOUS AQUEOUS SOLUTIONS AT 9.98O 

70 m t Pvac. Br 

Methyl Acetate 

602 2 
660.8 
688.2 
731 2 
779.8 
792.6 
840.0 
849.4 
212.1 
207.4 

Ethyl Acetate 

608.1 
651.5 
654.4 
664.2 
694.4 
733.2 
267.6 
256.4 

Diethyl Ether 

627.9 
638.9 
680 8 
770.5 
165.3 

Urea 

602.1 
604.9 
606.0 
614 1 
629.9 
652 8 

Urethan 

630.1 
693 2 
724.5 
817.7 
996.7 

Table I the first column contains the percentage of solute by weight; the 
second, the number of moles per 1000 g. water (the molecular weights used 
were methyl acetate, 74.048; ethyl acetate, 88.064; ethyl ether, 74.077; 
urethan, 89.064; urea, 60.048); the third, the density in vacuum, and the 
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TABLE 11 
THE RELATIVE VISCOSITIES OP AQUEOUS SOLUTIONS OF UREA AT VARIOUS TEMPERA- 

TURES 

Concentration of Solutions 
Solution ............. A 
% Urea by weight.. . . 5.00 
Moles/1000 g. HzO. . . 0.876 

No. 

Hz0 
A 
B 
C 

Pvac 

0.9971 
1.0106 
1.0240 
1.0376 

Pvac. 7r 

0.9997 1.0000 
1.0140 1.0206 
1.0283 1.0544 
1.0428 1.0938 

20.01° 
0.9982 1.0000 
1.0120 1.0329 
1.0257 1.0714 
1.0396 1.1183 

fourth relative viscosity. The headings of the columns in Table I1 have 
the same meanings. The relative viscosity was calculated by the formula 

t a  pa 
Ilr = - 

t o  P o  

Here the subscript s refers to the solution while o refers to water. The 
density ( p )  is that in air, obtained from the value of density in vacuum 
given in the table, by subtracting the weight of 1 ml. of air (0.0012). 

The use of the simple formula for calculating viscosity is justified by the 
fact that in the preceding paper i t  was shown that this viscometer would 
reproduce the viscosities of water as accepted by the Bureau of Standards 
over the temperature range of 15 to 30' when the value of m (Formula 4, 
preceding paper) was taken as zero. From Dorsey's analysis of the flow 
of liquids through tubes, i t  is logical to assume that this same condition 
would be fulfilled for flows of smaller velocity.' 

7 The absolute viscosities are not reported for the reason that  the viscosities of 
water a t  10 and 5' as calculated from the formula q = 2.1851 t X 10" (obtained during 
the standardization of this viscometer and reported in the preceding paper) and the time 
of flow as given in Table 11, are not in good agreement with the previously published 
values for water. The values are as follows, expressed in centipoises 

5.04' 9.9S0 

Calculated.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.5249 1.3139 
Bingham and Jackson (B. of S.) . . . . . . . . . . . . . . . . . 1.5170 1.3085 
"International Critical Tables". . . . . . . . . . . . . . . . . 1.5170 1.3105 

The times of flow for water are in agreement with those reported in the preceding 
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Discussion of Results 
The relative viscosities of the urea solutions at  different temperatures 

given in Tables I and I1 are 
plot ted against  moles per  
1000 g. water in Fig. 1. The 
data are consistent except for 
the 5% solution at  25' which 1.15 

is slightly high (about 0.3%) 
and the 15% solution a t  10' 
which is low (about 0.2%). 5; 1.10 

Rudolf8 has reported deter- -3 
minations at  25' which show .% 
a minimum in the viscosity 1.05 
curve a t  a value less than that 
of water, but Fawsitt

g 
could 

not verify his results using 
very pure  urea. Ranken 
and Taylor10 redetermined 
the viscosity of urea solutions 
a t  temperatures ranging from 1 2 3 
8 to 45O and found that only Concentration. 
in one solution was the vis- Fig. 1.-The viscosities of aqueous urea solutions 
cosity less than that of water, at  5, 10, 15, 20 and 25'. The relative viscosities 
namely, in the most dilute are plotted as ordinates, the concentrations expressed 

in moles per kg. of water as abscissa. 
solution (0.03 125 mole/liter) 
at  8", the relative viscosity was 0.9985. This value was reported as re- 
producible. 
paper with the exception of that for 20" (462.3 seconds instead of 461.3). Since this 
difference may have been caused by an accidental shifting of the viscometer in the 
holder, the time determined a t  the time of the experiments with the solutions was used 
in the calculations. An interval of approximately a year separated the two sets of ex- 
periments. 

8 Rudolf, 2. physik. Chem., 43, 257 (1903). 
Moles/liter. . . . . . . . . . . . . . . .  0.937 0.469 0.234 0.117 0.058 
qr.. ....................... 1.010 1.002 .996 .993 .995 

9 Fawsitt, Proc. Roy. SOC. Edinburgh, 25,52 (1904). 
Moles/liter.. .............. 0.10 0.25 0.5 1 .0  2 .0  
vr.. ....................... 1.005 1.012 1.024 1.045 1.089 

lo Ranken and Taylor, Trans. Roy. Soc. Edinburgh, 45ii, 397 (1906). 
Moles/liter. .. 0.03125 0.125 0.25 0.50 1 .0  

. . . . .  8". .09985 
... 

1.0012 
15O.. 1.0085 1.0150 1.0325 
25 O . . . . .  1.0020 1.0050 
30'. .... 1.0113 1.0210 1.0443 
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Our results are slightly greater a t  15 ' than those determined by Ranken 
and Taylor; at 20' they are in good agreement with those of Oholm;ll 
a t  25' they are considerably greater than those of Dunstan and Mussell,12 
up to a concentration of 2.5 moles/kg. of H20, and then they are smaller. 
The viscosities of supersaturated solutions of urea have been reported 
recently by Taimni.13 

The curves in Fig. 1 include no evidence for concluding that urea solu- 
tions show "negative viscosity"l~viscosities lower than that of water. 
Certainly there is no such phenomenon as exhibited by certain salts. For 
example, the concentration of ammonium nitrate must be approximately 
18% a t  25' before the viscosity of the solution exceeds that of water. 
Bingham16 has recommended the term "negative curvature" in referring to 
fluidity-concentration curves, to replace "negative viscosity." The terms 
are not synonymous, for it is evident that the fluidity curves for urea solu- 
tions would show negative curvature. The viscosities of very dilute solu- 
tions, preferably at  low temperatures, were not investigated because of 
the necessity of a more refined method of measuring the time of flow. 

The experimental results for all of the solutions are represented in Fig. 2, 
where the viscosity relative to water is plotted as ordinates and the moles 
of solute per 1000 g. of water as abscissa. There are also included the data 
for these solutions previously determined16 a t  25'. As would be expected, 
the relative positions of the curves for the various solutions are the same a t  
10' as a t  25', the ethyl ether solutions showing the greatest relative vis- 
cosity. The solutions of ethyl ether, ethyl and methyl acetates, and ure- 
than have a greater relative viscosity a t  10' than at  25', while urea solu- 
tions are opposite, having a viscosity greater at  25' than a t  10'. Further- 
more, the viscosities of ether and ethyl acetate solutions are linear functions 

"  holm, through "International Critical Tables," McGraw-Hill Book Co., Inc., 
1929, Vol. V, p. 22. 
Moles/liter ..... 0.25 0.50 1.0 2.0 4.0 8.0 
Moles/kg. HzO.. .25 .52 1.08 2.33 
q... . . . . . . . . . . . .  1.010 1.022 1.039 1.088 1.215 1.655 

l2  Dunstan and Mussell, through "International Critical Tables," Ref. 11. 
Wt. % . . . . . . . . . . . . . . . . . . .  1.02 8.13 11.89 15.47 23.12 
Moles/kg. HzO. .  . . . . . . . . . . .  0.18 1.46 2.24 3.08 
q, . .  . . . . . . . . . . . . . . . . . . . . . . .  1.005 1.054 1 ,087 1.162 1.221 

la Taimni, J. Phys. Chew,  33, 52 (1929). 
l4 See Rabinovich, THIS JOURNAL, 44, 954 (1922); Taylor and Moore, PIOG. Roy.  

Soc. Edinbzcrgh, 28, 461 (1907); Taylor, ibid., 25, 227 (1904). Wagner and Miihlen- 
bein, Z. physik. Chem., 46, 872 (1903), have shown that negative viscosity is exhibited 
by certain organic substances, for instance, cyanobenzene in alcohol. 

l6 Bingham, Ref. 4, p. 178. 
l6 Chadwell, Ref. 2. The values of relative viscosity were calculated from the value 

of 71 given on p. 1918, for the viscometer was very similar to that used in the present 
investigation. 



of the concentration expressed in the units chosen, while methyl acetate 
produces a convex curve and urea a concave. If the liquids were soluble 
in water in all proportions, the resulting curves would all show maxima, for 
the viscosities of the pure liquids are all very much smaller than that of 
water.17 Urea, on the other hand, is a solid, and as the concentration in- 
creases, the viscosity of the solute has a more pronounced effect. 

In discussing the data deter- 
mined at 25' it was shown that 
not only was there a connection 
between the volume of the dis- 
solved molecules, but that there 
was a very close connection be- 
tweeil the change it1 viscosity 
and the change in volume, cal- 

+-' 
culated as the contraction in 'G e ml. which took place upon the .r > formation of one liter of solu- 1.2 
tion. When a large contrac- 
tion took place, the viscosity 
of the solution would be com- 
paratively great. A similar 
hypothesis has been developed 
more extensively by M ~ L e o d , ~ ~  
who postulated that the vis- 1 2 3 

cosity of a mixture as well as Concentration. 

of a pure liquid is a function of 1, Ether; 2, ethyl acetate; 3, methyl acetate; 
the free space; that the in- 4, urethan; 5, urea. 

crease in viscosity upon adding Fig. 2.-The viscosities of aqueous solutions of 
a solute is caused principally ethyl ether, ethyl acetate, methyl acetate, urethan 

by the which has and urea a t  10 and 25". The relative viscosities 
are plotted as ordinates, the concentrations ex- an effect to the pressed in moles per kg. of water as abscissas. 

material. It is interesting, 
therefore, to see how this property of changing volume on solution changes 
with temperature. The necessary calculations could be made from the 
density data. Such data are summarized in Table I11 and shown graphi- 
cally in Fig. 3. 

The contractions given in the above table were calculated from the 
densities recorded in Table I for all of the liquids. Those for urea solutions 

l7 Solutions of dioxane and water, soluble in all proportions, produce a maximum. 
Herz and Lorentz, Z. physik. Chem., A140, 408 (1929). 

l8 McLeod, Trans. Faraday Sac., 19, 6 (1923); 19, 17 (1923); 20, 348 (1924); 21, 
151 (1925). A full discussion and several suggestions are made in Watahek's "Vis- 
cosity of Liquids," D. Van Nostrand Company, New York, 1928. 
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TABLE 111 
CONTRACTIONS TAKING PLACE UPON SOLUTION. CHANGE IN VOLUME (MI,.) UPON 

FORMATION OF ONE LITER OF SOLUTION 

Moles/kg. Hz0 0.2 0.4 0.6 0.8 1.0 1.5 2.0 2.5 

Ethyl Ether in Water 
25' 3.0 6.5 10.1 14.0 
10" 3.0 6.3 9.4 12.5 

Ethyl Acetate in Water 
25' 1.9 3.7 5 .5  7.2 
10" 1.9 3.7 5.6 7.4 

Methyl Acetate in Water 

Urea in Water 
25 ' (0.6) 1.3 1.8 2.1 2.5 
20 ( .8) 1 .7  2.2 2.8 3.2 
15" ( .9) 2.0 2.8 3.4 4.0 
10 O (1.0) 2.2 3.1 3.8 4.6 

5O (1.3) 3.0 4.0 4.9 5.6 

are the volume changes for solid urea dissolved in water. The densities of 
solid urea were found by interpolation from the data of Dewar given in the 
"International Critical Tables."lg The contraction for each of the solutions 
was calculated and plotted, and the above values found by interpolation. 

The volume changes for urethan solutions were also calculated, for 10, 
20 and 2 5 O ,  making use of the data in the preceding paper, and 
data for both solid urethan and the supercooled liquid urethan. If the 
former (for the solid) are used, an expansion results; if the latter, a con- 
traction which decreases with an increase in t e m p e r a t ~ r e . ~ ~  The volume 

l9 "International Critical Tables," Vol. 111, p. 45. The data used were 
t, OC.. ............... 5 10 15 20 25 
d: .  . . . . . . . . . . . . . . . . . .  1.3215 1.3204 1.3194 1.3184 1.3173 

The slopes of the curves seem to show that the specific volumes accepted for the 
urea are too large, that the calculated contractions are consequently too large. No data 
arc available for estimating the specific volume of liquid urea a t  these temperatures. 

Block, 2. physik. Chem., 78,397 (1912). 
Contraction on formation of urethan solutions (interpolated data) 
Moles/kg. Hz0 . .  . . . . . . . .  10° 20° 25O 

1.0 4.1 (-0.1) 3.6 (-0.7) 3.3 (-1.1) 
2.0 7.2 (- .5) 6.3 (-1.7) 5.9 (-2.3) 
3.0 9.5 (-1.5) 8.3 (-3.0) 7.7 (-3.8) 

The figures given in parentheses are expansions calculated from the densities of 
solid urethan; the others are contractions as calculated from supercooled liquid. The 
data used for the volume of 1 g. of urethan, either liquid or solid, are as follows (inter- 
polated or extrapolated) 

loe 20 25' 

Liquid . . . . . . . . . . . . . . . . . . .  0.9149 0.9230 0.9271 
Solid.. ................. , , ,8641 .8704 .8736 
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changes upon solution of urethan at 20' have been studied by Richards 
and Pa l i t z s~h .~~  They have peinted out that the expansion upon the 
solution of solid is probably caused by a large expansion due to the breaking 
up of the crystalline material counteracted by a contraction caused by the 
change in polymerized water. Our condusion drawn from this interpola- 
tion is that the specific volume of molten urethan should be used to calcu- 
late the contraction, but its value is so uncertain, because of the large 
extrapolation, that little confi- 
dence can be placed in the re- 
sults; consequently they are 
not plotted in Fig. 3. 

That the volume changes 20 
upon solution of the esters are 
the same at 10 and 25", within 
the experimental error, is a 15 
surprise. One would expect a 3 
greater contraction at  the lower $ 
temperature if i t  is assumed 3 
that the ester causes a de- 
polymerization of the water, 
for water must be more highly 
polymerized at  the lower tem- 5 

perature. More accurate den- 
sity determinations probably 
would show slight differences. 1 2 3 

The changes in volume on Concentration. 
of are in- Fig. 3 . T h e  contraction upon formation of 

teresting, iITespective of their aqueous solutions of ethyl ether, ethyl acetate and 
bearing upon the question of methyl acetate at 10 and 25", and of urea at tem- 
viscosity. q+he method of peratures between 5 and 25". The decreases in 

volume (ml.) upon formation of 1 liter of solution representing concentration as are plotted as ordinates, the concentrations ex- 
of per looO g. of pressed in moles per kg. of water as abscissas. 

water is so chosen as to repre- 
sent the effect of relative numbers of molecules of different solutes upon 
the same quantity (possibly different number of molecules) of water. The 
contraction is the greatest for ether, and successively less for ethyl acetate, 
methyl acetate and urea. This confirms the hypothesis that1 the cohesive 
forces and internal pressures existing in the liquids play a large part in de- 
termining the volume of the systems. The forces under which the mole- 
cules of the various solutes exist in solutions of equivalent concentrations 
are probably about the same, and yet those forces are very different in 

12 Richards and Palitzsch, THIS JOURNAL, 41,60 (1919). Also Richards and Chad- 
well, ibid.. 47, 2283 (1925). 
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the pure liquids. When the molecular forces existing in a liquid are weak 
(small internal pressure), the liquid is light and volatile and possesses a 
large coefficient of compressibility. If such a liquid is distributed in a 
second liquid of greater internal forces, i t  would be exepcted that the 
volume would not be so large and that the extent to which a contraction 
took place would depend upon the difference in magnitude of the internal 
pressures. In the particular cases in question, the magnitudes of the 
contraction are in the same order as the coefficients of compressibility. 
The average compressibilities over the pressure range of 100-300 megabars 
a t  20' are: ether 130, ethyl acetate 90 and methyl acetate 88.1sz3 

It is to be noticed that the viscosity and contraction curves in Pigs. 2 
and 3 for the different solutes are in the same relative positions for either 
10 or 25'; but this correlation does not hold when a single solute is con- 
sidered, showing that the change in volume is not the only determining 
factor of the viscosity. The urea solutions, for instance, show the greater 
relative viscosity a t  the higher temperature, while the contractions are 
greater a t  the lower temperature. This can be explained by postulating 
that  the decrease in viscosity due to the depolymerization of the water, 
taking place to a greater extent a t  the lower temperatures, more than bal- 
ances the tendency to increase the viscosity caused by the contraction. 
Such a counterbalancing of effects is not apparent in the positions of the 
curves for other solutes. In support of this hypothesis i t  should be pointed 
out that the aqueous urea solutions are more nearly ideal than the others: 
the internal pressures of the pure substances are very nearly alike, their 
mutual solubility is great, and the formation of solutions is accompanied 
by a small volume change. 

Viscosity curves of binary liquid mixtures which show maxima have 
commonly been explained by assuming compound formation. If this 
is the real explanation, solvation is a very general phenomenon-more 
general than other properties of solutions would lead us to believe. The 
relative viscosity of all of these solutions (except urea) diminishes with an 
increase in temperature. In the case of aqueous solutions of saltsz4 this 
is found to occur only in those solutions which contain highly hydrated 
materials, and is supposed to be due to the thermal decomposition of the 
hydrates. 

In the cases of our particular solutes, freezing point measurementsz6 

have been made and the solutions found to be normal. Kendall and Harri- 
son have interpreted the normal depressions caused by esters to mean that 

Richards, Stull, Mathews and Speyers, THIS JOURNAL, 34, 971 (1912). 
24 Rabinovich, ibid. ,  44, 956 (1922). Aqueous salt solutions show no correlation 

between negative viscosity and contraction. 
25 "International Critical Tables," Vol. IV, p. 262; Kendall and Harrison, Trans. 

Faraday Soc., 24, 588 (1928). 
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hydrates are formed which counterbalance negative deviations from 
Raoult's law arising from the fact that the solutions are not perfect. 

The development of our knowledge of liquids from the electrical stand- 
point is only beginning, and yet enough progress has resulted to show that 
such a property as viscosity may well be considered from this point of view. 
Jones and Dole,26 for instance, have shown that the viscosity of dilute salt 
solutions can best be represented by a formula which takes into account the 
effect of interionic forces. For binary mixtures of different liquids the 
shape of the viscosity-concentration curve depends upon the electrical 
nature of the molecules. If both of the components are non-polar, or one is 
dipolar (in the sense used by Debye) the cunre is concave, but if both com- 
ponents are dipolar, the curve is convex.27 Our liquid mixtures are com- 
posed of dipolar molecules, their electric momentsz8 in the liquid state 
being: water 1.8, ether 1.24, methyl acetate 1.67 and ethyl acetate 1.74 
(all X 1018). These polar molecules in solution would be orientatedz9 

by the electrostatic field produced by other molecules into more or less 
orderly arrangements which might very well be manifested by an increase 
in the relative viscosity, as well as a contraction in volume. Furthermore, 
an increase in temperature reduces this orientation and the viscosity would 
become less, as is shown by the experimental data. A quantitative analysis 
of this contributing effect must await more extensive determinations of 
dielectric constants and the development of the theory of viscosity of liq- 
uids. 

We wish to express our gratitude to the Elizabeth Thompson Science 
Fund for financial aid in this investigation. 

Summary 

The viscosities of aqueous solutions were determined a t  10' of diethyl 
ether, methyl acetate, ethyl acetate, urethan and urea. In addition, 
measurements were made on urea solutions at 5, 15,20 and 25 ". 

The contractions on solution of these substances were calculated from 
the densities, and the connection between these two properties was dis- 
cussed. 

Aqupous solutions of urea did not possess viscosities less than water a t  
any of the concentrations studied, although the curvature of the viscosity- 
concentration curve was found to be positive. These solutions do not seem 
to be exceptions to the rule that aqueous solutions of non-electrolytes pos- 

26 Jones and Dole, THIS JOURNAL, 51, 2950 (1929); Falkenhagen and Dole, Physik. 
Z., 30,611 (1929). 

51 Shown empirically by Errera, 2. physik. Chem., 140A, 273 (1929). 
Williams, Chem. Rev., 6,595 (1929). The moments of urea and urethan have not 

been determined, so far as we know. 
" See Langrnuir, ibid., 6,459 (1929), and Srnyth, ibkd., 6, 560 (1929). 
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sess a viscosity greater than that of water, irrespective of the viscosity of 
the solute. 

The effect of depolymerization of water upon the property of viscosity 
was no more apparent at  10' than a t  25O, except possibly in the case of the 
urea solutions. 

The results were discussed from the point of view of compound formation 
and orientation of polar molecules. 

TUFTS COLLEGE, MASSACKUSETTS 

THE TITRATION CONSTANTS OF MULTIVALENT SUBSTANCES 

It has long been known that the titration curve of a multivalent acid 
resembles that of a mixture of monovalent acids. Based upon the apparent 
identity of these two classes of titration curves, as judged by experiment, 
H. S. Simmsl has developed equations which correlate the apparent with 
the true dissociation constants of a multivalent acid. The equations are 
given for a divalent and trivalent acid, and the same considerations readily 
yield the equations for any number of valencies. 

Apparently without knowledge of Simms' contribution, H. H. Weber2 
has recently treated this problem in a very similar manner. The equations 
which he obtains are more restricted and not as generally applicable as 
those developed by Simms, since he introduced the further assumption that 
the titration curve of the multivalent acid resembles that of a single mono- 
valent acid. In discussing these two papers in our seminar, it became 
apparent that the assumption of resemblance is unnecessary, for the general 
equations of Simms may be obtained by a purely mathematical transforma- 
tion of the classical dissociation equations given by the mass law.3 This 
mathematical transformation yields no equations other than those de- 
veloped by Simms, but in that the same relations are obtained without any 
assumption, the behavior of multivalent substances as described by the 
classical equations is vested with a slightly altered interpretation which 
rendered it desirable to communicate the calculations. 

The classical dissociation constants for the n steps of dissociation of a 
multivalent acid may be written 

H. S. Simms, THIS JOURNAL, 48, 1239 (1926). 
2 H. H. Weber, Biochem. Z., 189,381 (1927). 
3 In a previous seminar Professor Scatchard was able to derive Weber's equations 

on the assumption that the probability of dissociation was the same for each group, and 
independent of the number of groups dissociated. 
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Kj = [Hlf..Hn-~ A'] 
[Hn A1 

K;K; = [HI'. IHn-2 A"] 

. . [Hn A1 . . 

K:K: ... K:, = 
[HIn. [An-] 

IHn A I 
The dissociation of a monovalent as well as of a multivalent acid can be 

described m terms of the following ratios 
Concentration of dissociated hydrogen ions 

Concentration of undissociated hydrogen ions = a 

(2) 
Concentration of dissociated hydrogen ions 

Equivalent concentration - B 

(3) 
concentration of undissociated hydrogen ions 

Equivalent concentration = P  

In terms of the classical dissociation constants these ratios take the 
form 

K : K:K: K K .  . K K;K: .  . . K: -+ 
[HI 

2- 
[H l 2  

+.....+ (n- 1) [HI--' + [HI1 
K' K:K: K ; K ; .  . . K ; - ,  

n +  (n- 1)- + (n - 2) - 
[HI 

+.....+ [HIn 
(2) 

These rather complicated expressions4 can be simplified considerably by a 
mathematical transformation, known as separation into firtiat fractions. 
The rational algebraic expression F ( x ) / @ ( x )  can be expressed as the sum of 
partial fractions, which have the several factors of @(x)  as denominators and 
which have constants for numerators. In order to show how Equations 2, 
3 and 4 can be separated into partial fractions, the detailed calculation for 
3 is given here. With appropriate modifications the same method can be 
applied to (2) and (4). 

The terms in the mass law equations have, for mathematical convenience, been 
written as stoichiometrical concentrations rather than as activities. Activity coeffi- 
cients could, of course, be introduced into these series. 
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The first step which is taken is to render Equation 3 more convenient for 
further transformation by multiplying both numerator and denominator by 
[H In 

1K;[Hln-' + ~ K : K : [ H ] ~ - ~  +. . . . . + (n - 1) K ~ K : .  .K;- ,[H] + n K ~ K : .  . .K l  
8 = n ([HIn + K:[HIn-' + K:K:[H]n-2 f.. . . . + KiK:. .K;- , [H]  + K ~ K ; .  . .K: 

( 3 4  

I n  (3a) the denominator has the form of the expansion of the general 
polynomial 

( ~ 1  + X )  ( K Z  + X )  ( K 3  + x ) .  . . . . ( K n  + X )  ( 4 4  

which in the expanded form can be written 

The symbol Z ~ K  represents the sum of the elements KI f KZ f ~3 f . . K,, 
ZK~KZ the sum of the combinations without repetition of the elements 
KI,KZ,. . .K, taken two at a time, Z K ~ K Z K ~  the sum of the combinations with- 
out repetition of the elements KI,KZ, . . . K* taken three a t  a time, and SO forth. 

Comparison of Equation 4b with the denominator in (3a) shows that both 
are identical except for the factors of corresponding powers of [HI and x. 
By equating the undeterminate factors of corresponding powers of [HI and 
x, n equations are obtained which define completely the new factors K I ,  

K2,. . . K, in terms of the old factors K:,K~, . . K:. 
K: = Z K ~  = K l  + K2 f K3 f..... K n  

K : K ~  = ~ K I K Z  = K l K Z  + K1K3 +. . + K l K n  +. . . K n - l K a  

K;K:K: = Z K ~ K Z K ~  = KlKZK3 + K l K 3 K I  f . . . Kn -2Kn- l K n  

.... . . . . 

. . . .  . . . . (5) 

K$:. . . . . K i  = 2 ~ 1 ~ 2 .  . . K n  = K i K z K 8 .  . . . . . K n  

Consequently we may write 
n ([HIn + K : [ H ] ~ - ~  + K:Ki[H]n-2 +. . . . . + K : K ~ .  .Ki - l [H]  + KiK;. .  .Ki )  = 
n ([HIn + ~KI[H] 'o - '  + ~ K ~ K Z [ H ] ~ - ~  f .  . . . . + 2 ~ 1 ~ 2 .  .K. , -~[H] + Z K ~ K ~ ~ . .  .K,,)= - n ( ( K I  + [H])(Kz + [HI) - ( ~ 3  + [HI) .  . . . . (K,,  + [HI))  ( 6 4  

The numerator can also be transformed by means of the same set of 
Equations ( 5 ) ,  yielding the following identity 

This transformed expression of (3) may now be separated into partial 
fractions and we may write 

\. , 
K z  K3 + -----. 

~ 2 - k  LHI~-=I 
+.....+- 

Kn + [HI 
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The proof that the separation into partial fractions (7) is correct may be 
obtained by clearing the left and the right side of fractions. Since this 
procedure is well known to those familiar with partial fractions, it has 
been omitted. 

Applying the same transformation to Equations 2 and 4, corresponding 
identities are obtained, which are given without the calculation, as the 
procedure is very much the same as for Equation 3. 

K 1  K2 + ------- + -2- +.. . . .+ Kn 

cy = -- Klf K K ~  + [HI ~a f [HI K, + [HI 
1 1 + --- +.....+--) 1 

[ H I  (6-i + K 2 + j ~ j  K3 + [H I Kn + [HI 
Kz Ka + - ---- ~4- [ H I + K ~ +  [HI 
+.....+A 

K, + [HI 
1 [HI LH] +- IH1 +.. . . .+- 

= + I  K.+[HI 

Equations 2', 3' and 4' were derived from ( 2 ) ,  (3) and (4) by separation 
into partial fractions and by introducing a set of new constants KI,K~, . . . . K~ 

for mathematical convenience. If one formulates the fractions a, f l ,  p for a 
mixture of monovalent acids, with dissociation constants G:,G~. . .G: 
(using Simms' notation), an identical set of equations is obtained, in which 
the G:,G:. . G: replace the constants KI,Kz. . . . K,. 

K* = G:;  K2 = G;; ..... Kn = G: 

These constants which have so far been used as a mathematical convenience 
without any specific meaning attached to them, are therefore the titration 
constants, and in order not to complicate the nomenclature can be replaced 
by the titration constants of Simms. They are related to the classical 
constants by Equation 5 ,  which is, of course, identical with the equation, 
previously developed by Simms, with the assumption of similarity. In  our 
treatment we have assumed only validity of the classical mass law equations 
and the result has been derived by mere mathematical transformation of 
these equations. It follows, therefore, that between the titration curve of a 
multivalent acid and a mixture of monovalent acids there is no difference. 
In other words, if the classical dissociation constants of a multivalent acid 
are known, it is possible to make a mixture of monovalent acids which will 
give exactly the same titration curve, provided that the individual dis- 
sociation constants of the monovalent acids satisfy Equations 5. 

Generally one deals with the opposite problem. From the titration 
curve the titration constants G:,G~. . . G: are experimentally obtained and 
the classical constants K:,K~, . . .K: can be determined by using Equations 
5. We wish again to emphasize that this is only valid in so far as the 
classical mass law formulation is an accurate description of the facts. 
Provided this is the case, there is no difference between the dissociation of a 
multivalent acid and a properly chosen mixture of monovalent acids, and 
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the titration constants are at the same time the "intrinsicJJ constants of the 
groups.= This relation of course will hold only if the electrostatic work of 
ionization and the work which is involved in distortion of the molecule are 
disregarded. 

The formulas given by Weber can also be obtained from Equations 5 by 
assuming that the G:,G:, . . .G: are all equal, an assumption which Weber 
has introduced by stating that the titration curve of the multivalent acid 
resembles that of a single monovalent acid. On this assumption much 
simpler identities result. Instead of n titration constants, one alone is 
found, therefore 

G: = G: = G: =.....= G,: = G' 

and the classical dissociation constants are defined by 
n - 1  

K :  = lz G'; K:, = 7 K ~ - n - 2  1 
GI; ., - -7j- GI; ...; K: = - G I  n (5") 

relations which are of course identical with those of Weber. I t  is obvious 
that the values of K:,K:, . . . K: in Equations 5'' are not independent of 
each other, since they are all related to definite fractions of one titration 
constant G1. 

Similar conditions are obtained from the titration data of proteins. 
Instead of obtaining n independent values for the titration constants G', 
these constants seem to fall into groups of m elements which are identical. 
Therefore only n/m independent values are obtained. This reduces the 
number of independent Equations 5 ,  relating the titration constants with 
the classical constants, to n/m. The n classical constants K' fall, therefore, 
into n/m groups of related constants. The case which has been treated by 
Weber represents grouping of the titration constants G' into one group of 
identical constants (% = m). For the corresponding group of classical 
constants K' the following relation is obtained 

K:  2K: 3K: - = - = - -  - nK: 
n n - 2  " " '=-  1 (5a") 

The same transformation is applicable in the case of the formula defining 
the stepwise dissociation of hemogl~bin.~ The equation for the four steps 
of dissociation is given as 
Percentwe saturation = 

Separation into partial fractions gives the simpler identity 

E. Q. Adams, Tms JOURNAL, 38,1503 (1916). 
G. S. Adair, J.  Biol. Chem., 63,529 (1925) ; Proc. Roy. Soc., (London), 109A, 299 

(1925); R. M .  Ferry and A. A. Green, J. Biol. Chem., 81,177 (1929). 
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Percentage saturation = 
1 0 0 ~ '  G : 6: G', 
7 (4 - (Gi + 1 4 1  + G: + [ 0 2 l f  G: + lor1 

and the new constants are related to the old constants by the four equations 

Expressing results in terms of classical constants necessitates the use of 
Equation 5, which is rather complicated. No substantial advantage is 
gained in doing this. It therefore appears advisable to express results 
directly in terms of titration constants and to abolish the classical con- 
stants altogether. 

BOSTON, MASSACHUSETTS 
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The fact that the halides of magnesium are capable of uniting with ether 
to form compounds similar to hydrates has been known since the beginning 
of this century. Menschutkin2 was the first to study them and gave them 
the name "etherates." He investigated their solubility in ether a t  various 
temperatures and found that as the solution became more concentrated, 
a heavy, oily, immiscible layer separated. He discovered that this heavy 
layer could be greatly supercooled and that when it did crystallize the 
magnesium halide was obtained in the form of the di-etherate. Later, 
Meisenheimer3 and his co-workers discussed some of the properties of this 
oily liquid and of the crystalline magnesium halide etherates. 

From a review of the literature, it is apparent that very little is known 
concerning the formulas of these etherates. Some claim that they contain 
one molecule of ether;4 others, that they contain two molecules,5 while some 

University Fellow, 1927-1928. 
2 Menschutkin, J. Russ. Phys.-Chem. SOG., 35,610 (1903). 
a Jakob Meisenheimer and Johannes Casper, Ber., 54B, 1655 (1921); Jakob Meisen- 

heimer, Erich Piper and Hans Lange, 2. anorg. allgem. Chem., 147,331 (1925). 
Tissier and Grignard, Compt. rend., 132, 835 (1901); Grignard, ibid., 136, 1262 

(1903). 
* (a) N. Zelinsky, Chem. Zentr., 11, 277 (1903) ; (b) W. Tschelinzeff, Ber., 39, 773 

(1906). 
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even claim that they contain three and four  molecule^^"*^ of ether per 
molecule of magnesium halide. On the other hand, Ahrens and Stapler6 

claim that they obtained non-etherated magnesium halides precipitated 
from ether solution. It is also quite evident that little is known of the 
properties of these compounds. 

Because of these conflicting statements, it was decided to make a study of 
the above-mentioned compounds using magnesium bromide as a typical 
magnesium halide. 

Experimental Work 
Preparation of Crystals.-Pure magnesium turnings were put into an Erlenmeyer 

flask and 100-200 cc. of dry ether added. All reasonable precautions were taken to 
eliminate air and moisture. Liquid bromine was then added, a few drops a t  a time, 
allowing the solution to clear considerably before the next addition was made. It was 
frequently advisable to cool the flask t o  keep the heat of reaction from boiling away the 
ether. Above a certain concentration (about 3% MgBrz a t  room temperature) two 
layers appeared, the upper one clear, colorless and of about the same density as ether, 
the bottom one a clear, heavy, oily liquid which usually ranged from very faint yellow 
to  a reddish-brown. Only the faintly yellow layers crystallized but they gave beautiful 
crystals that  seemed very pure. The crystals were prepared in two ways: (I) by sepa- 
rating the heavy bottom layer without contact with air or moisture and with a gentle 
suction removing part of the ether, leaving a supersaturated solution. Large crystals 
of magnesium bromide etherate were precipitated from the two layer system after 
standing for about one month. (11) By cooling the filtered two phase system below 
lo0, the heavy layer solidified forming white crystals. The clear liquid was decanted 
and the crystals drained. These crystals were much smaller than those prepared from 
the supersaturated solution but were easier to  make and gave larger yields. 

Method of 
Analysis prepn. 

1 I 

ANALYSIS OF CRYSTALS 
Method of 

analysis 

Loss of weight on heating in 
vacuum a t  room temp. 

Same as No. 1 
Loss of weight by vacuum 
Same as No. 1 
Same as No. 1 
Same as No. 1 
Loss of weight in vacuum 
Same as No. 1 
MgzP20~ for Mg; AgBr for Br 
AgBr for bromine 
Same as No. 10 
Same as No. 10 
Same as No. 10 

In analysis No. 1 the crystals were made a t  room temperature, dried in an atmos- 
phere of ether, placed in a weighed test-tube fitted with a one-holed stopper carrying a 

Felix B, Ahreas and Adolf Stapler, Ber., 38,3264 (1905). 
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short piece of glass tubing and weighed. The tube was then evacuated under 50-mm. 
pressure for twelve hours. It was then reweighed and the loss in ether recorded. 

In analysis No. 2 the tube from analysis No. 1 was heated while being evacuated 
t o  constant weight. By comparing the last weight with the original weight, i t  was 
possible t o  determine the total weight of ether lost. It is seen that approximately one 
molecule of ether was lost quite easily by the first evacuation, while the total loss was 
two molecules, indicating that the crystals investigated contained two molecules of ether 
originally. 

In  analysis No. 3 the tube was left for forty hours a t  room temperature under a 
pressure of 50 mm. Since these crystals had been exposed for quite a time n o  effort 
was made t o  determine the total amount of ether lost but simply the amount left after 
the first evacuation. 

In  analyses Nos. 4, 5 and 6 the crystals were prepared by cooling the heavy layer 
and then drying the resulting crystals in a stream of carbon dioxide. Since there was 
no time limit t o  the passing of carbon dioxide over the crystals and since the tri-etherate 
has a very high vapor pressure, i t  is not surprising that these results vary and tha t  they 
show values too high for a di-etherate and too low for a tri-etherate. 

I n  analyses Nos. 7 and 8 large crystals were formed slowly a t  room temperature 
and broken up and the central portion was  take^ for analysis; hence these values should 
be quite accurate. 

I n  analyses Nos. 9 and 10 the crystals were made a t  0" and transferred t o  a weighed 
flask. The weighed crystals were dissolved in water, diluted and an aliquot part taken 
and analyzed. The results are  low but indicate an etherate higher than the di-etherate. 

I n  analyses Nos. 11,12 and 13 the crystals were prepared at  0"  but in a weighed flask. 
They were drained for one-half hour below loo, weighed and analyzed. There was little 
chance for loss of ether due t o  exposure in these analyses. 

From the results it seems clear that there are three definite etherates of 
magnesium bromide: (1) the tri-etherate which is readily decomposed, 
( 2 )  the di-etherate which is more common, and (3) the mono-etherate. 
If the etherate is made at  a temperature of about 0' and dried a t  this 
temperature and carefully analyzed, we obtain the tri-etherate. If the 
crystals are at  all exposed, owing to their high vapor pressure we have a 
mixture of the di- and tri-etherates. If the crystals are made a t  room 
temperature we get the di-etherate, and if a tube containing the di-etherate 
is evacuated at  room temperature under a pressure of 50 mm., we obtain 
the mono-etherate. 

Analysis of Liquid Layers.-Menschutkin2 made the statement that the 
concentration of the di-etherate in the two liquid layers varied with the 
temperature; therefore, it was decided to verify this. The two-layer 
systems were made in the usual manner and filtered through glass wool. 
The mixtures were then placed in flasks surrounded by water a t  a known 
temperature. Some of the bottom layer was then drawn into a dry pipet, 
allowed to run into a tared tube and weighed. The ether was then driven 
off by suction and heating until the weight of the residue was constant. 
Considering the residue as anhydrous magnesium bromide and the loss in 
weight as due to the ether, it  was possible to calculate the ratio of ether 
in the bottom layer to the magnesium bromide. 
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Analysis Temp., 'C .  

1 11.2 
2 12 
3 14 
4 17 
5 17.5 
6 19 
7 20 
8 20 
9 22.5 

10 22.5 
11 24 
12 24 

ANALYSIS OF HEAVY LAYER 
Method of analysis 

Vacuum + heat 
Vacuum + heat 
Vacuum + heat 
Vacuum + heat 
Bromine as AgBr 
Vacuum + heat 
Vacuum + heat 
Vacuum + heat 
Vacuum + heat 
Vacuum + heat 
Mg by MgzPsOr; Br by AgBr 
Vacuum + heat 

Average 

Table I1 shows but slight change in concentration of the heavy oily layer 
with temperature. The irregularity of these results is due, no doubt, to 
the very slowly attained equilibria here involved. There is, however, a 
definite trend showing more ether in 'he solution a t  the higher temperature. 

Table I11 shows a definite increasL in magnesium bromide with tempera- 
ture. The clear upper layer at  room temperature always became cloudy 
and precipitated the heavy oily layer on cooling to a lower temperature. 
The amount of magnesium bromide in the upper layer a t  room temperature 
averaged about 3-3.5% and in the lower layer about 41%. 

As to the composition of the top layer, there was very little work done. 
However, a few determinations were made by withdrawing five cubic 
centimeters with a pipet, putting it into a weighed crucible and treating 
with concentrated sulfuric acid. The ether was then burned off, the excess 
acid evaporated and the residue weighed as magnesium sulfate. From 
this, it  was possible to determine the amount of magnesium bromide per 
5 cc. of solution. 

TABLE 111 

ANALYSIS OF TOP LAYER 
Analysis Temp., OC. Method of analysis Grams of MgBra/5 ce. 

1 5 Mg as MgSOd 0.0979 
2 12 Same as No. 1 ,1002 
3 14 Same as No. 1 .lo02 
4 17 Same as No. 1 .lo09 
5 19.5 Same as No. 1 .I124 
6 24 Same as No. 1 .I239 
7 28 Same as No. 1 .I223 
8 31 Same as No. 1 .I315 

General Properties.-Some of the properties of the etherates mentioned 
in be literature were verified. The fact that the etherates were rather 
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unstable and decomposed on contact with air and moisture, was brought out 
quite clearly by the analyses. 

Action on Water.-The etherates are decomposed by water and ether is 
given off. Some experiments in which the volume of ether liberated from 
the di-etherate was measured indicated that one molecule of ether was 
displaced very readily but that the mono-etherate is more stable and 
requires a longer time for complete decomposition. This coincides with . 
the work of Meisenheimer and Ca~per .~  

Action of Absolute Alcohol.-When absolute alcohol was added to the 
crystals, ether was evolved as with water but not so vigorously. 

Action of Dry Ether.-When ether was added to the di-etherate the 
crystals softened. When ether was added to the mono-etherate or the non- 
etherated magnesium bromide, there was a reaction and heat was given off, 
as was first noticed by Tschelinzeff .6b 

Transition Points.-After it had been definitely shown that there are 
three distinct etherates, the next logical step was to determine the tempera- 
tures below which the various etherates a e  stable, that is, the points a t  
which partial liquefaction takes place owing to the fact that ether is split off 
and the non-etherated or a lower etherated compound formed. Our work 
seemed to indicate that such points existed. The thermometric method 
failed; thus crystals prepared at 0' were heated slowly from 0 to 15' and 
the change in temperature plotted against time, but the curve showed no 
break. There did seem to be a change in the form of the crystals. The 
dilatometric method was also tried with no better result. This behavior 
can be explained on the ground that the equilibrium is very sluggishly 
attained and that the heat of formation of the etherate is rather low. 

In spite of these negative results, experimental evidence strongly indicated 
a change in form of the crystals at about 13'. Crystals were prepared by 
cooling and then without decanting the excess liquid the crystals were main- 
tained at some definite temperature for hours. By this method it was dis- 
covered that the crystals appeared to melt quite a bit below room tempera- 
ture. Finally the value of 12.5O was reached, at which the crystals appeared 
stable. However, after about eight hours at this temperature (within 0 . 2 O )  
the sharp outline of the crystals disappeared and a slow but nevertheless 
certain transformation of the crystals could be seen to be taking place. 

Experiments were then conducted to approach the point from the other 
side. The two-layer mixtures were prepared and cooled to a definite con- 
stant temperature. They were then seeded with a crystal of the etherates. 
The temperature was raised each time until finally a t  12.4O solidification 
took place very slowly. At 12.6' the heavy layer did not solidify wheg 
seeded. However, if this material stood for a month, crystals would grow 
in this layer as previously stated, but we considered them to be the di- 
etherate and not the tri-etherate. 
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Vapor Pressure Curves of Crystals.-If these etherates of magnesium 
bromide are definite compounds and have definite transition points, it  
should be possible to distinguish these points by means of their vapor 
pressures. It was decided that the static method of determination was 
best suited for this type of compound. 

Apparatus.--Several types of apparatus were tried but due to the 
, extreme ease with which the etherate crystals decomposed, it was found 

necessary to devise an apparatus 
in which the volume above the 

, ,,,s,,, crystals was as small as possible. 
The apparatus in Fig. 1 was 
finally adopted as the most satis- 
factory. The entire apparatus 
with the exception of the bulb 
A was made from 8-mm. pyrex 
tubing. The bulb A and U-tube 
C were made separately for each 
determination and sealed to the 
permanent part at  D. The bulb 
H was connected to the appa- 
ratus to give a larger volume 
and hence greater ease in regu- 
lating the height of the mercury 
in C. A commercial thermostat 
of standard make was used for 
all the determinations with this 
apparatus. The tenth of a de- 

Fig. 1.-Apparatus for determining vapor gree thermometer used was com- 

pressure of crystals. pared to standard thermometers 
a t  frequent intervals. 

Loading and Manipulation of Tensimeter.-The apparatus was washed 
with alcohol, then with ether, finally connected to the vacuum pump and 
heated with a blowtorch. The bulb A was then surrounded with ice and 
the crystals introduced through the side arm B, which was then sealed off. 
Mercury was placed in the U-tube C and the piece sealed to the rest of the 
apparatus at D. There was no water in the thermostat, the bulb A being 
surrounded with carbon dioxide snow. The apparatus was then con- 
nected to  a vacuum oil pump which gave a vacuum of less than 1 mm. and 
the entire apparatus evacuated until the mercury ceased to rise in the 
manometer G. At the same time that the pressure became negligible 
(about one to two minutes), the connecting tube was sealed tight a t  E 
where a constriction had already been made. In this way the volume 
above the crystals was very small and at  exactly the same temperature as 



Sept., 1930 T H E  ETHERATES OP MAGNESIUM BROMIDE 3529 

the crystals themselves. Cold water was then run into the thermostat and 
as the vapor pressure of the crystals increased, air was let into the apparatus 
to equalize the levels of the mercury in the U-tube. If the vapor pressure 
decreased, air was drawn out. 

Results.--After much experimenting at  different temperatures, it 
was discovered that the temperature of the crystals a t  the time of evaeu- 
ation was a very important factor. If the crystals were at  O0 or even a t  
-10' the force of the pump was sufficient to decompose the tri-etherate 

0.00360 0.00350 0.00340 0.00330 0.00320 0.00310 
1/T,  absolute. 

Fig. 2.-XTapor pressure curve starting with magnesium bromide 
tri-etherate a t  5" and raising to  40'. 

and give lower values and inconsistent results. On the other hand, if the 
crystals were a t  the temperature of carbon dioxide snow, it was found that 
at  this temperature the vapor pressure was only about 4 or 5 mm. and the 
crystals were not completely decomposed during the short time that the 
pump was in operation. On warming to a temperature of about 5O, the 
vapor pressure reached a value of about 233 mm., which is very close to the 
value for the vapor pressure of pure ether. The value, however, was a 
little low and reference to Pig. 2 will show how the variation increases with 
rise. in temperature. 

On raising the temperature of the crystals above 13O, they seemed to 
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become soft with the appearance of some liquid. Above 30' they under- 
went a marked change with the formation of a large amount of liquid and 
a fine white precipitate. These changes were evident when the vapor 
pressure curves were drawn (Fig. 2). 

TABLE IV 
VAPOR PRESSURES STARTING WITH MgBra.3(CzHa)z0 AT 5O AND RAISING THE TEMPERA- 

TURE TO 40° 
Temp. of 
bath, OC. 

0 . 0  
5 . 5  
7 . 9  
9 . 8  

11.8 
15 4 
17.3 
19.7 
23.9 
24.1 
27 .2  
32 .3  
36.3 
38.0 
40 .4  

Barometer, 
mm. 

728.4 
746 
751.5 
741 
747 
746 
742.5 
742 
737 
735.5 
735.5 
748 
746.5 
739 
738 

Manometer, 
mm. 

541 
513 
494 
467 
452.5 
417.5 
387 
378.5 
353.5 
332.5 
308.5 
180 
93 
43 

+23.5 

Vapor press., 
mm. 

187.4 
233 
257.5 
274 
294.5 
328.5 
355.5 
363.5 
383.5 
403 
427 
568 
653.5 
696 
761.5 

Log. v. P. 

2.2728 
2.3674 
2.4108 
2.4378 
2.4691 
2.5165 
2.5508 
2.5605 
2.5838 
2.6053 
2.6304 
2.7544 
2.8153 
2.8426 
2.8817 

In plotting the log of the vapor pressures against the inverse temperature 
(absolute), a straight line graph was produced (Fig. 2). This graph shows 
three distinct lines intersecting at  two points (B and C). The first break in 
the curve occurs at  13.5'. The second break occurs a t  about 28'. Thus, 
the vapor pressure curves bear out the fact that three etherates of mag- 
nesium bromide exist: the tri-etherate, M ~ B ~ Z . ~ ( C ~ H ~ ) ~ O ,  stable below 13' ; 
the di-etherate, M ~ B ~ Z . ~ ( C ~ H ~ ) ~ O ,  stable below 28'; and the mono- 
etherate, MgBrz(CzH5)20, formed above 28O. 

In reference to Fig. 2, it must be remembered that the lower curve AB 
is the vapor pressure curve for the system MgBrz-3(CzH5)zO, MgBrs.2- 
( C Z H ~ ) ~ ~ ,  and ether vapor and at  the transition point B we have the system 
MgBr~-2(GH5)20, MgBr2.3(CzH5)2O9 solution and ether vapor. Thus, 
the next curve BC is the vapor pressure curve for MgBrz.2(CzH5)z0, 
solution and ether vapor. In other words, it is the vapor pressure curve 
for a saturated solution of MgBrz.2(C~H5)z0 in ether and not the curve for 
MgBrz-2(CzH6)2O1 M ~ B ~ Z . ( C ~ H ~ ) ~ O  and ether vapor. At C, MgBr2-2- 
(CzH~)z0, MgBrz(CzHs)zO, solution and ether vapor are in equilibrium and 
the curve CD represented the system M ~ B ~ Z ( C Z H ~ ) ~ O ,  solution and ether 
vapor. 

Since we have discovered that these systems reach equilibrium yery 
slowly, it is only natural that if the temperature i s  raised suddenly, the 



solubility of MgBr2.2(CzH5)20 in ether will increase, but if the solid dis- 
solves very slowly to reach its equilibrium, the vapor pressure recorded will 
be the vapor pressure of an ether solution that is unsaturated with MgBr2.2- 
(CzH5)20 and sincc the vapor pressure decreases with concentration, this 
vapor pressure will be too high. On the other hand, if the temperature is 
lowered suddenly from an equilibrium at high temperature, we will have a 
solution supersaturated with respect to MgBrz-2(CzHs)zO and hence a 
lower vapor pressure than we should have at this temperature. This 
would explain some of the difficulties encountered with the curves BC and 
CD in Fig. 2. 

Temp. of 
bath, 'C. 

0.0 
5.0 
7 .5  
8.5 

13.5 
18.5 
26.0 
28.0 
30.0 
31.0 

TABLE V 
VAPOR PRESSURE OF MgBr2.2(C2Hs),0 SYSTEM 

Barometer, Manometer, Vapor press., 
mm. mm. mm. Log. V. P. 

735.6 689 46.5 1.6674 
742.5 669 73.5 1 8662 
747.5 656 91.5 1.9614 
751.5 650 101.5 2.0063 
762 611 151 2.1790 
760 536 224 2.3503 
759 349 410 2.6128 
742 284 458 2.6609 
743 251 492 2.6919 
743 229 514 2.7109 

1 / T  (abs.) 

0.003665 
.003600 
.003565 
.003550 
.003490 
.003430 
.003344 
.003322 
,003300 
.003289 

Temp. of Barometer, Manometer, Vapor pness., 
bath, OC. mm. m a .  mm. Log. V. P. 1/T (abs.) 

0.0 742 733 9 0.9542 0.003665 
15.1 741 699.5 41.5 1.6180 .003471 
22.1 742.5 670 72.5 1.8603 ,003389 
27.5 742.5 630.5 112 2.0492 .003328 
34.1 739 566 173 2.2380 .003256 

Figure 3 shows the vapor pressure curves of the three etherate crystals. 
Curve I is that of the tri-etherate, MgBr~.3(c~H~)~0,  MgBr2.2(C~Hs)20 
and ether vapor, showing the break at about 13', where a solution of the 
di-etherate in ether is formed. Curve I1 is that of the di-etherate, MgBr2.2- 
(C2H6)20, mono-etherate and ether vapor, showing the point a t  about 28' 
where another molecule of ether is given off and a solution of the mono- 
etherate in ether is formed. The lower curve, 111, is that of the mono- 
etherate crystals, MgBrz.(C2H5)z0, MgBrz and ether vapor. 

If these ether compounds of magnesium bromide are definite crystalline 
substances, it should be possible to obtain a "step" curve showing the 
vapor pressures of the different compounds at a constant temperature. 
A sample of the magnesium bromide-ether compound prepared by cooling 
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the two-layer mixture, as previously described, was placed in a bulb con- 
nected to a manometer and fitted with a stopcock connected to a vacuum 
pump. The procedure consisted of drawing all the gas from the system 

Fig. 3.-Vapor pressure curves of etherate crystals 
of MgBrz. 

with the pump, closing the stopcock and allowing the system to come to 
equilibrium. A t  first the bulb was immersed in a bath of solid carbon 
dioxide and acetone during the evacuation, which lasted for about one 
minute, in order to prevent the complete decomposition of the higher 
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etherate before measurement could be taken. After closing the stop- 
cock, this low temperature bath was replaced by ice and water, a t  which 
temperature the system was allowed to come to equilibrium. When all of 
the crystals had changed to  the di-etherate, the time of evacuation was 
lengthened until some of the periods were for over an hour. During the 
latter part of the run the ice-bath was kept in place continually. Plotting 
vapor pressure of the crystals against the number of times evacuated, we 

187 

m 

0 +.' 

i! .* - 
3 

4'7 

9 

Fig. 4.-Vapor pressure of various etherites at O O .  

obtain a "step" curve as indicated in Fig. 4. The tri-etherate of mag- 
nesium bromide is shown with a pressure of 187 mm. a t  OO. The pressure 
then drops to 47 mm., indicating a change to the di-etherate form. From 
this point i t  drops to 9 mm., which is the vapor pressure of the mono- 
etherate of magnesium bromide at 0'. This curve took about thirty days 
to complete due to slow equilibrium of the system. 

Discussion 

The most outstanding fact discovered in working with the etherate 
crystals of magneshm bromide is the slowness with which they change 
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form. This was evident in all the experiments caked out in this Labora- 
tory and was the reason why negative results were obtained in trying to 
determine the transition point of the crystals by means of the thermo- 
metric and dilatometric methods, even though there is quite a noticeable 
heat change in the transformation. No doubt this fact was also responsible 
for Menschutkin's statement that the crystals of the di-etherate of mag- 
nesium bromide melted a t  22.8°.2 He evidently prepared the crystals by 
cooling and then tried to determine the melting point in the usual way 
by slowly raising the temperature. As has been shown above, it is very 
easy to raise the temperature of the crystals to room temperature before 
they start to change form. In such a case it is not surprising that he ob- 
tained a value of 22.8"; a value, incidentally, which was not found in any 
of the work done in this Laboratory. 

Because of the low transition point of the tri-etherate with extremely 
high vapor pressure and consequent unstability, it is not surprising that 
most of the workers reported the di-etherate as the only form, with an 
occasional mention of the mono-etherate. The principal fact that led to 
the exact identification of the tri-etherate was the break in the vapor 
pressure curve at  13'. If this break was the transition point of the di- 
etherate, it was extremely m c u l t  to explain how it was possible to obtain 
the di-etherate crystals above this temperature. Thus, experiments were 
started to prove the existence of the third form with the success shown by 
the analyses. After the completion of this work, Meisenheimer7 inde- 
pendently published an article stating the existence and some of the prop- 
erties of this tri-etherate of magnesium bromide. 

Summary 
1. The existence of three distinct etherates of magnesium bromide has 

been shown. 
2. Two transition points of the crystals were obtained, one where the 

tri-etherate changes to the di-etherate a t  13 + 0.5', and the other where the 
di-etherate changes to the mono-etherate at  28 * 1.0". 

3. Some of the properties of the etherates were studied with special 
reference to the slowness with which transition takes place. 
4. The vapor pressures of the crystals were measured and the curves 

plotted. 
EVANSTON, ILLINOIS 

7 Jakob Meisenheimer, Ber., 61B, 708-20 (1928). 
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[CONTRIBUTION PROM THE DZPARTMENT OF CHEMISTRY, UNXVERSITY O F  PENNSYLVANIA] 

A STUDY OF VAPOR PIEASE OXIDATION OF ORGANIC 
COMPOUNDS, USING RARE EARTH OXIDES AS CATALYSTS. 

I. METHYL AND ETHYL ALCOHOLS 

A large number of metallic oxides act as oxidation catalysts. In general 
this property can be explained by the fact that they are readily reduced to  
the metals or to lower oxides by the substances to be oxidized and are then 
re-oxidized by oxygen. This explanation seems to be adequate for certain 
oxides, such as the oxides of copper, nickel, cobalt, manganese, molybde- 
num, vanadium, etc. For certain other oxides, however, the mechanism is 
not quite so apparent, because, as far as is known, they are not readily 
reduced to lower oxides. For example, Laz03 and YzOa are active oxida- 
tion catalysts, but are not readily reduced. 

,4 great many oxides have been used and with success in certain cases. 
A review of the literature indicated that even with the more commonly 
used cat~plysts ihere is still much work to be done, especially with regard to 
finer control and better methods for analyzing the products formed. In 
many cases the percentage of unoxidized material recovered is given, with 
no information concerning the method of recovery. In work of this nature 
where so many factors can iniluence the results, it is most important to  
choose analytical methods very carefully and only after thorough trial. 

The oxidizing properties of cerium compounds have been known for a 
long time. In general for vapor phase oxidation at  elevated temperatures 
they have been found to be too active, and the extent of the oxidation could 
not be easily controlled. The other elements of the rare earth group have 
not been studied. Apparently no work has been done with mixed catalysts, 
containing rare earth elements, for vapor phase oxidation. 

The purpose of this investigation was two-fold: (1) to obtain quanti- 
tative data on the rare earth oxides as catalysts for vapor phase oxidation as 
compared with some less active catalyst such as copper oxide, and (2) 
to measure the effect produced by the addition of small amounts of rare 
earth oxides to some less active catalyst such as copper oxide. 

After numerous preliminary experiments, samarium oxide was chosen 
because of its greater porosity. All of the members of the cerium group 
were tried and appeared to be equally active. Of the yttrium group only 
two, yttrium and lanthanum, were used in the preliminary work. They 
appeared to be less active oxidation catalysts and were much more apt to 
produce charring. 

The preliminary work included oxidation of methyl alcohol, ethyl alcohol, 
ethylene, benzene and toluene. Some of the products qualitatively deter- 
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mined were not only interesting, but hold much promise for future work. 
Benzene, for example, yielded small amounts of phenol. Among the 
oxidation products of toluene, dibenzyl, benzaldehyde and benzoic acid 
were detected. Due to the greater ease of oxidation of methyl and ethyl 
alcohols, the rate of reaction, the temperature, etc., are more difficult to 
control. It was decided, therefore, to investigate carefully the oxidation of 
these alcohols first, with the hope that the data obtained would be useful 
in later experiments on the oxidation of substances not so readily oxidized. 

Fig. 1.-Apparatus. 

The apparatus used is shown in Fig. 1. The arrangement of the apparatus was 
similar to that used by Le Blanc and Plaschke.' Dry air in definite amounts (as meas- 
ured by a flowmeter) was passed through the alcohol contained in the vaporizing cham- 
ber. The outlet tube leading from the vaporizing chamber to the catalytic chamber 
was heated by means of a steam jacket to prevent condensation. The alcohol-air 
mixture was then passed over the catalyst in the pyrex catalytic chamber. The cata- 
lyst was supported (in the case of impregnated pumice) at  each end by tightly fitting, 
finely perforated porcelain plates. The catalyst was 15 mm. in length and 17 mm. in 
diameter. In the cone type of catalyst two concentric cones of fine copper gauze were 
employed, the space between the cones being filled with catalyst impregnated upon 
pumice. The height of the outer cone was 60 mm., the diameter 20 mm. The diameter 
of the inner cone was 10 mm. The thickness of the pumice layer was 5 mm. Before 
the air-alcohol mixture was admitted to the catalytic chamber, the catalyst was heated 
to about 350' by means of a small burner. In all cases the heat of the reaction was 
sufficient to keep the catalyst at  a red heat after the reaction had once started. The 
reaction temperatures were carefully measured by inserting a quartz thermometer or a 

t e  Blanc and Plaschke., 2. Elektrochem., 17,45 (1911). 
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thermocouple in the side arm 
protected by a quartz jacket. 
well buried a t  what appeared 

of the catalytic chamber. The thermocouple arm was 
The end of the thermometer or thermocouple jacket was 
to be the hottest point. I t  is probable that the actual 

temperatures were somewhat higher than those recorded, since perfect contact with the 
catalyst was difficult to attain. The products of the reaction were collected in the 
cooling systeni and in the several absorption flasks. The receivers were then carefully 
emptied and rinsed, and the resulting solution diluted to a definite volume. Aliquots 
were taken for analysis, check analyses being made in all cases. 

In most cases about 0.5 mole of alcohol was passed over the catalyst. In order to 
determine whether or not the yields varied with the amount of alcohol passed over, 
longer runs were made in which about 1.5 moles of alcohol was passed over. The yields 
of aldehyde in all cases checked very well with the yields obtained from the shorter runs. 
The amount of alcohol used for each run was simply determined by weighing the vaporiz- 
ing chamber before and after each run. 

The alcohols which were used were not perfectly anhydrous. As a result the vapors 
carried over by the air could not be considered to be purely aicohol vapors. This is a 
point which has been neglected by many previous investigators. I t  was found that the 
percentage of alcohol in the vapors passing over could easily be determined by making 
blank runs and determining the alcohol in the condensate by means of an immersion 
refractometer. That is, instead of passing the vapors over a heated catalyst, they were 
simply passed through an empty tube, condensed and the alcohol content determined as 

-above. 
Experimental 

Oxidation of Methyl Alcohol 
Constant boiling (65") methyl alcohol free from acetone was used. Three different 

catalysts were used: (1) pure SmzO? (prepared by heating samarium nitrate in a stream 
of oxygen a t  450-500"); (2) pure CuO impregnated on 12-mesh pumice (prepared by 
dissolving 3 g. of CuO in nitric acid, to which solution was added 9 cc. of 12-mesh pumice 
and the mixture carefully evaporated to dryness with stirring; the dry pumice was 
then heated in oxygen as above); and (3) samarium and copper oxide mixtures on 12- 
mesh pumice (prepared similarly to the above). 

The amounts of catalysts used have been given in the introduction. These figures 
represent the optimum amounts as carefully determined in the preliminary work. 

The optimum bath or thermostat temperature was determined in preliminary ex- 
periments. Space does not permit recording all of the results of these experiments. 
Figure 2 shows that a bath temperature of 40" offers the best conditions (alcohol-air 
ratios) for obtaining the highest yields of formaldehyde. 

Determination of Formaldehyde.-The aldehyde in the condensate was determined 
by the hydrogen peroxide-sodium hydroxide method.2 This method gave excellent 
check results. 

Determination of Unchanged Methyl Alcohol.-This was accomplished with satis- 
factory results by adding an excess of ammonium hydroxide to an aliquot of the con- 
densate and distilling the solution. The distillate was just acidified with dilute sulfuric 
acid and then redistilled. The methyl alcohol content in this distillate was then de- 
termined by means of an immersion refractometer. 

Use of Samarium Oxide as Catalyst.-Three to six cc. of 12-mesh oxide was used. 
The process yields of formaldehyde (1-5%) clearly indicated that this oxide was too 
active a catalyst. The catalyst temperature was always very high, never falling below 
600 ", even when a very low air rate was used. Even when the air supply was much less 

Haywood and Smith, THIS JOURNAL, 27,1188 (1905). 
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than the amount theoretically necessary for the oxidation to formaldehyde, the yields 
were almost as small as before. This fact might be explained in either of two ways: 
(1) the oxidation does not stop with formaldehyde, but proceeds as far as carbon dioxide 
and water; or (2) formaldehyde is formed, but a t  the high temperature of the catalyst is 
immediately decomposed into hydrogen and carbon monoxide. That either explana- 
tion may be correct, depending upon the amount of oxygen used, was easily proved. 
A definite amount of absolute methyl alcohol was passed over the heated catalyst with 
almost the exact amount of oxygen (from air) necessary t o  oxidize the alcohol to  formal- 
dehyde. Of 26.97 g. of alcohol passed over, 6.4 g. was recovered. The difference be- 
tween the two weights (20.57 g.) was oxidized. This amount of alcohol on oxidation t o  
formaldehyde should yield 11.57 g. of water; actually 11.12 g. was formed. Further, i t  
was found that fairly large amounts of hydrogen and carbon monoxide were formed but 
only traces of carbon dioxide. These facts seem t o  confirm the second explanation 
given above. 

450 470 490 510 530 
Temperature, OC. 

P, Bath a t  37O; R, bath a t  42"; S, bath a t  40'; T, bath a t  45'. 
Fig. 2.-NOT&.-Due t o  the fact that  a thermostat temperature of 40' 

permitted working a t  lower catalyst temperatures than a thermostat tem- 
perature of 37O, the former seemed t o  offer the more ideal conditions. 

When an excess of oxygen is used, oxidation proceeds much further with 
the formation of larger and larger amounts of carbon dioxide and water. 

It may be concluded, therefore, that the low yields of formaldehyde 
obtained even when insufficient oxygen was used were due to the catalytic 
decomposition of the aldehyde; and when an excess of oxygen was used the 
low yields were due primarily to a more complete combustion to carbon 
dioxide and water. 

The results recorded in Table I represent mean results. The process 
yields were calculated on the basis of moles of methyl alcohol changed to 
moles of formaldehyde. 
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TABLB I 
MIRAN RESULTS (TI~RMOSTAT. 40 O) 

Air rate Oxygen ratio Catalyst Proces~ 
Catalyst liters/min. g. MeOH/l. Oa temp., OC. yield, % 

A. 3 g. CuO on 9 cc. pumice 1.08 1/0.296 484 63.5 
1.21 1/0.308 505 66.3 
1.30 1/0.310 515 66.5 
1.37 1/0.308 530 65.3 

B. Sm10s(0.5%),CuO(99.5%),on 1.08 1/0.308 494 63.4 
pumice 1 21 1/0.303 502 64.0 

1.30 1/0.305 515 64.5 
1.37 1/0.306 530 a. 8 

C. SmzOa (l%), CuO (99%), on 1.08 1/0.309 485 58.5 
pumice 1.21 1/0.307 500 61.3 

1.30 1/0.299 513 63.7 
1.37 1/0.309 525 63 5 

L). SmzOa (293, CUO (98%), O ~ I  1.08 1/0.300 473 53.5 
pumice 1.21 1/0.305 494 58.9 

1.30 1/0.309 505 59.3 
1.37 1/0.302 517 60 3 
1.58 1/0.309 532 61.1 
1.68 1/0.302 555 59 1 

E. SmtOa (59% CUO (95'%), 0x1 1.21 1/0.307 506 37.6 
pumice 1.30 1/0.310 512 38.7 

1.50 1/0.306 532 40 8 
1.70 1/0.300 560 36.3 

Discussion of Results 
Preliminary experiments indicated that the best yields of formaldehyde 

were obtained a t  a thermostat temperature of 40' and when the alcohol- 
oxygen ratio was 1 g./0.3-0.31 liter of oxygen. The latter figures are 
somewhat below the theoretical values, as 0.35 liter of oxygen would be 
necessary to oxidize 1 g. of methanol completely to formaldehyde. The use 
of smaller or larger amounts of oxygen was accompanied by lower process 
yields of the aldehyde. The actual yields (based upon the actual amount 
of alcohol oxidized) varied inversely with the amount of oxygen used. 
It was possible to approach 100% actual yields when the amount of oxygen 
used was small. There was, of course, a corresponding decrease in the 
process yields, as more alcohol passed through unchanged, due to the 
lack of oxygen. 

The alcohol-oxygen ratios recorded show the efficiency of the type of 
vaporizing chamber used. The constancy of these ratios certainly indi- 
cates that the air passing over the catalyst was saturated with respect to  the 
alcohol regardless of the air rate used. This is a factor which, apparently, 
has been neglected in much of the previously published work. 

Hofmann3 first accomplished the formation of formaldehyde by passing 
Hofmann. Ann., 145,357 (1868); Ber., 2,152 (1869); 11, 1686 (1878). 
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air laden with methyl alcohol over a heated platinum wire. Tollens4 
and I,oew3 improved the process by using copper gauze in place of platinum 
as a catalyst. Orloff%ade the first careful investigation of the use of 
copper gauze. He reported about 50% as the highest process yield. 
Le Blanc and Plaschkel reported that silver gauze was a better catalyst 
than copper gauze, which fact has been confirmed by others. Fokin,l using 
asbestos impregnated with copper, reported a yield of 47y0. tho ma^,^ 
using copper gauze as a catalyst, reported a maximum process yield of 
63.6%. Bobrov

g 
used copper gauze in the form of disks and reported an 

actual yield of 71.5y0. From the published records Thomas has obtained 
the highest process yields. 

The process yields given in Table I under A are somewhat higher than 
Thomas obtained when he used copper gauze. There is even a greater 
difference in the actual yields. Thomas reported an actual yield of 72y0 for 
the same run which gave a 63.6% process yield, whereas the actual yields 
using CuO on pumice in this investigation never dropped below 85y0, This 
probably can be explained by the fact that his catalyst (copper gauze) was 
74 mm. in length, while the catalyst layer (copper oxide on pumice) used in 
this investigation was only 15 mm. in length. Consequently, the products 
of the reaction escaped from the heated catalyst more quickly in the latter 
case with the result that a smaller percentage of aldehyde was decomposed. 

All of the previous workers who used copper gauze as the catalyst have 
used a high air rate, generally two liters of air per minute. The best results 
obtained in this investigation were obtained a t  a much lower air rate, about 
1.3 liters per minute. This rather curious difference must be due to the 
difference in the form of the catalyst. A comparison of copper gauze and 
pumice impregnated with copper oxide was made in the preparation of 
acetaldehyde (see Oxidation of Ethyl Alcohol). 

It will be noted from the results recorded in Table I (B-a) that the intro- 
duction of small amounts of samarium oxide decreased the process yields, 
the decrease being very noticeable when the samarium oxide content 
reached 5%. The presence of the rare earth oxide had practically no 
effect on the catalyst temperatures. As the amount of samarium oxide 
increased, the yields became less and less, due to the decomposing action of 
this oxide on formaldehyde. 

The actual yields also decreased with the introduction of Smz03, as shown 
by the following: A, 85-90%; B, 83-90%; C, 8046%; D, 7744% 
and E, 70-76%. 

* Tollens, Ber., 15, 1629 (1882); 16,917 (1883); 19,2134 (1886). 
Loew. J. prakt. Chem., [2] 33,324 (1886). 
Orloff, J. RUSS. Phys.-Chem. Soc., 39, 1023 (1907). 

7 Fokin, ibid., 45, 286 (1913). 
Thomas, THIS JOURNAL, 42,867 (1920). 
Bobrov, J. soc. chim. russe, Industrie chimique, 11,455 (1924). 
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The yields in Table I if plotted against catalyst temperatures would 
give curves showing a gradual rise in yields and then a gradual drop. 
Due to the ease of decomposition of formaldehyde, temperature control is 
undoubtedly the most important factor in its catalytic preparation. A 
second factor is the length of the catalyst. The preliminary work showed 
very definitely that the minimum amount of catalyst should be used. 
When more than this amount was taken, there was a very pronounced 
decrease in the process yields obtained, 

Oxidation of Ethyl Alcohol 

Pure ethyl alcohol (97%) free from aldehydes was used for the experi- 
ments. Three different catalysts were used: (1) pure samarium oxide; 
(2) (a) copper gauze in the shape of a cone-two cones were used as 
previously described, the space between was filled with 12-mesh pumice 
impregnated with copper oxide (Fig. 1)-(b) pure copper oxide impregnated 
on 12-mesh pumice and (3) (a) copper gauze cones as above-in this 
case the pumice layer between the cones was impregnated with samarium 
and copper oxide mixtures-(b) samarium and copper oxide mixtures im- 
pregnated upon 12-mesh pumice. The catalysts were prepared in the 
manner described under the oxidation of methyl alcohol. 

The acidity of the various condensates was so slight that i t  could scarcely 
be explained on the basis of the presence of acetic acid. In greater part i t  
was probably due to the presence of carbon dioxide. Ester formation was 
not noticed a t  any time during the course of the experiments. 

Determination of Acetaldehyde.-The acetaldehyde in the condensate was deter- 
mined by Ripper's method.10 Check analyses were made and the results obtained usu- 
ally agreed within 0.3-0.570. 

Determination of Unchanged Ethyl Alcohol.-The unchanged ethyl alcohol which 
was present in the condensate was much more difficult to determine. Several methods 
were investigated and finally the following was adopted. A suitable aliquot was taken, 
an excess of ammoniacal silver nitrate was added, and the resulting mixture was heated 
on a steam-bath under an efficient condenser for two to three hours, depending upon the 
amount of aldehyde present. The time may be shortened somewhat if the mixture is 
heated under a slight pressure. Thfs effected the complete oxidation of the acetaldehyde 
in practically every case. The slightly ammoniacal mixture was distilled without 
filtration. The distillate was then just acidified with sulfuric acid and again distilled 
until about two-thuds of the solution passed over. The amount of alcohol in the dis- 
tillate was determined by means of an immersion refractometer. This method proved 
quite satisfactory. 

Use of Samarium Oxide as Catalyst.-Pumice (12-mesh) impregnated with sa- 
marium oxide was used as the catalyst. The results obtained were somewhat better 
than with methyl alcohol. The process yields varied from 6 to 15%. The oxide 
showed a great tendency to cause charring, and consequently the reactions were diffi- 
cult to control. Charring was easily prevented by using an excess amount of air, but 
under those conditions combustion was practically complete. 

lo Ripper, Monatsh., 21, 1079 (1900); Feinberg, Am. Chem. J., 49,87 (1913). 
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Table I1 gives the average yields of acetaldehyde obtained using the 
various catalysts. 

TABLE 11 

YIELDS OP ACETALDEHYDE (THERMOSTAT, 45 O) 

Air rate, Oxygen ratio, Catalyst 
Catalyst I./min. p. EtOH/I. Oz temp., OC. 

A. Copper cones, pumice layer im- 0.83 1/0.409 460 
pregnatcd with CuO .99 1/0.411 470 

1.08 1/0.421 481 
1.17 1/0.405 490 
1 22 1/0.418 500 
1.37 1/0.409 540 

B. 3 g ~ .  CUO on 9 CC. pumice 0.59 1/0 430 429 
.71 1/0.417 482 
.83 1/0 422 50 1 
.88 1/0.417 512 
.99 1/0 417 . 532 

1.08 1/0.422 547 

C. Copper cones, pumice layer im- 0.71 1/0.409 446 
pregnated with SmzOs (0.5%) and .88 1/0.405 478 
CuO (99.570) .99 1/0.412 485 

1.03 1/0.409 490 
1.08 1/0.420 493 
1.22 1/0.414 540 

D. SmlOa (0.5%) and CuO (99.557,) 0.45 1/0.420 397 
on pumice .59 1/9.410 460 

.65 1/0.410 472 

.71 1/0.427 488 

.83 1/0.422 496 

E. Copper cones, pumice layer im- 0.83 1/0.405 455 
pregnated with SmzOa (1 %) and .99 1/0.423 485 
CuO (99%) 1 03 1/0 417 505 

1.08 1/0.407 510 
1.22 1/0.405 525 

P. SmzOa (1 %) and CuO (99 %) on 0.45 1/0.427 400 
pumice .59 '1/0.418 465 

.71 1/0.425 495 

.83 1/0.420 525 

.99 1/0.410 555 

G. Copper cones, pumice layer im- 0.83 1/0.410 430 
pregnated with Sm,Os (2%) and .94 1 /O .422 500 
CuO (98% .99 1/0.404 505 

1.08 1/0.400 530 
1.22 1/0.420 550 

If. Smz03 (2%) and CuO (98%) on 0.45 1/0.420 395 
pumice .59 1/0.410 435 

.71 1/0.412 485 
.83 1/0.417 512 

Process, 
yield. % 
63.5 
66.2 
68.4 
69.0 
68.7 
64.0 

65.4 
70.5 
68.8 
66.2 
64.4 
60.1 

62.8 
69.5 
68.3 
68.0 
67.3 
65.6 

65.1 
69.8 
66.9 
62.3 
61.1 

66.5 
69.6 
68 5 
67.5 
63.5 

65.6 
67.4 
63.5 
58.8 
55.4 

65.6 
66.2 
68.0 
67.6 
63.2 

67.5 
65.8 
60.3 
57.5 
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T A B L ~  I1 (Concluded) 
Air rate, Oxygen ratio Catalyst Process. 

Catalyst i./min. g, EtOH/l. d temp., O C .  yield. 7, 

I. Copper cones, pumice layer im- 0.71 1/0.401 410 57 .0  
prcgnated with SmnOs (5%) and .83 1 /O ,422 435 58 .9  
CuO (95%) .99 1/0.400 460 63 .4  

1 08 1/0.409 475 62.0 
J. SmzOs (5%) and CuO (95%) on 0.45 1/0.428 370 56.8 

pumice .59 1/0.425 412 53.7 
.71 1/0.405 445 52 .5  

The catalyst could not be made to continue glowing at an air rate lower than 0.45 
liter of air per minute. 

Discussion of Results 

Preliminary runs proved conclusively that the best results were obtained 
with a thermostat temperature of 45'. The results of these preliminary 
runs, when plotted against catalyst temperatures, gave curves similar to 
those under formaldehyde (see Fig. 2) with the curve for a thermostat 
temperature of 45' showing the best yields. Consequently, only the 
results obtained a t  the latter temperature are recorded here. The pre- 
liminary results plainly indicated that the optimum alcohol-oxygen ratio 
was 1 g. EtOH/0.404.43 liter of oxygen. The theoretical ratio is 1 g. 
EtOH/0.2434 liter of oxygen. The use of smaller or larger amounts of 
oxygen was always accompanied by a decreased process yield of acetalde- 
hyde. However, as expected, the actual yields varied inversely with the 
amount of oxygen used. It was possible to approach 100a/o actual yields 
when a small enough quantity of oxygen was used; a t  the same time there 
was a corresponding decrease in the process yields. The ratios recorded 
under acetaldehyde again indicate the efficiency of the type of vaporizing 
chamber used. 

As with methyl- alcohol, pure samarium oxide is too active a catalyst to  
be used for the oxidation of ethyl alcohol. It is not only apt to  carry the 
oxidation too far, but i t  also probably catalyzes the decomposition of 
acetaldehyde similarly to formaldehyde. 

Orloffll was the first to make a careful investigation of copper gauze as a 
catalyst for the oxidation of ethyl alcohol. He reported 66Y0 as his best 
process yield. 

Simington and Adkins12 studied the catalytic oxidation of ethyl, iso- 
propyl and n-butyl alcohols, using various catalysts. Using copper gauze 
they obtained only 37.4% process yield of acetaldehyde; using silver gauze 
they obtained 43.7%, and using a catalyst composed of goy0 Cu and 10% 
Ag, they obtained 76% yields. 

The results recorded in Table I1 (A and B) correspond more closely (for 
l1 Orloff, J .  Russ, Phys.-Chem. Soc., 40, 203 (1908). 
1 2  Simington and Adkins, THIS JOURNAL, 50, 1449 (1928). 
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copper gauze catalyst) to the results obtained by Orloff, although they are 
somewhat higher than his. Apparently the form of the catalyst has little 
effect on the yields, for the results under A and B are practically the same. 
One notable difference between them is evident from a comparison of the 
catalyst temperatures for the same air rates. For example, using an air 
rate of 0.83 l./minute, the catalyst temperature in A was 460'; in B, how- 
ever, the temperature was 501°. This probably was due to the fact that 
the impregnated pumice offered a larger surface than the gauze. This 
would explain the fact that the best yields in B were obtained a t  lower 
air rates than those in A. 

It will be noted from the results in Table I1 (C-J) that the introduction 
of small amounts of samarium oxide to  the catalyst decreases the process 
yields, the decrease being especially noticeable when the samarium oxide 
content reached 5%. It will also be noted (B, D, I?, H, J) that with the 
introduction of samarium oxide the optimum temperatures were materially 
lowered, i. e., the best results were obtained from CuO on pumice a t  about 
482O, with the catalyst containing 0.5% samarium oxide a t  460°, with the 
catalyst containing 1% samarium oxide a t  465O, with the catalyst contain- 
ing 2% samarium oxide a t  395' and with the catalyst containing 5% 
samarium oxide a t  370'. This probably can be explained by the fact that 
with increasing amounts of samarium oxide the rate of decomposition of 
acetaldehyde, as well as the extent of oxidation, is increased and conse- 
quently best results are obtained a t  lower temperatures. Something not 
so easily explained, a t  present, is the fact that the temperatures measured 
for the 5% samarium oxide type of catalyst (for the same air rates) were 
lower than with pure CuO as catalyst, while with the catalysts containing 
0.5% and 1% samarium oxide there was a noticeable temperature increase 
for the same air rates. 

The introduction of samarium oxide also decreased -the actual yields, 
as shown by the following: A and B, 76 to 89%; C and D, 76 to 86%; 
E and F', 75 to 85%; G and H, 75 to 81%; and I and J, 74 to 78%. 

The points noted above were not so evident with the use of the double 
cone type of catalyst. Apparently the impregnated pumice layer was not 
so active, due to the fact that the copper gauze was effecting the greater 
part of the oxidation. 

The results recorded in Table 11, if plotted against catalyst temperatures, 
would give curves showing a gradual rise to the optimum temperature and 
then a fairly rapid drop. Certain workers have placed much stress upon 
the length of time the reacting gases were permitted to  remain in contact 
with the catalyst (which, of course, depends upon the air rate and the 
length of catalyst layer). This is unquestionably an important factor, 
but in the case of methyl and ethyl alcohols it would seem that the catalyst 
temperature is the most important one as far as the yields are concerned. 
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Another important factor is the amount of catalyst used. I n  the case of 
copper gauze the length of the catalyst did not affect the results appreci- 
ably, but when impregnated pumice was used, the effect on the yields was 
quite evident. The use of too much catalyst produced a marked decrease 
in the yields of acetaldehyde. 

Conclusions 

The results obtained in this investigation indicated that the presence of 
rare earth oxides with copper oxide promoted oxidation. With such 
easily oxidizable substances as methyl and ethyl alcohols this fact was of no 
apparent advantage, since the oxidation tends to go too far. This en- 
hanced activity should prove to be very advantageous in the oxidation of 
less readily oxidizable substances. Work has been started along these 
lines. 

I t  is believed that the presence of rare earth oxides, in small amounts, 
helps to prevent catalyst poisoning and prolong the life of the catalyst 
indefinitely. Actual proof has not yet been obtained. Work is being 
started with rare earth oxides and silver oxide mixtures and it is hoped that 
this latter point can thus be easily proved. 

Summary 

1. Data have been obtained on the use of rare earth oxides for the vapor 
phase oxidation of methyl alcohol and ethyl alcohol, as compared with the 
results obtained when copper oxide was used for the same purpose. 

2. Better yields of formaldehyde and acetaldehyde have been obtained, 
using pumice impregnated with copper oxide, than have been reported 
previously by investigators who used some form of copper as the oxidation 
catalyst. 

3. Data have been obtained showing the effect produced on the cata- 
lytic activity of copper oxide by the addition of small amounts of rare 
earth oxides to the copper oxide. 

PNILADELPHIA, PENNSYLVANIA 
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[CONTRIBUTION FROM THE FRICK CHEMICAL LABORATORY OP PRINCBTON UNIVERSITY ] 

THE DIELECTRIC POLARIZATION OF LIQUIDS. X. THE 
POLARIZATION AND REFRACTION OF THE NORMAL PARAFFINS 

BY R. W. DORNTE AND C. P. SMYTH 
RECEIVED JUNE 4, 1930 PUBLISHED SEPTEMBBE 5, 1930 

This investigation was undertaken with the object of obtaining further 
information concerning the temperature dependence or independence of 
the polarization of substances possessing little or no electric moment and 
of studying the variation of this polarization in an homologous series. 
Through the kindness of the Ethyl Gasoline Corporation it has been 
possible to obtain samples of the straight-chain hydrocarbons from pentane 
to  dodecane prepared by Dr. Albert I,. Henne of Ohio State University, 
to whom the writers wish to express their indebtedness. The samples of 
these liquids were of a high degree of purity boiling over a range of only 0.02 
to 0.03'. Although the densities and refractive indices of these substances 
had been measured previously, the measurements were repeated in order 
that all the data used should have been determined for the same materials, 
these materials being of exceptional purity. Moreover, the previous 
density measurements did not extend over the wide range of temperature 
which it seemed desirable to employ in the polarization investigations. 
Wherever the present results overlap data given in "International Critical 
Tables" excellent agreement is obtained. 

In the first of this series of papers1 the method of obtaining the electric 
moment of the molecule of a substance has been discussed. The molar 
polarization of a substance, P = (e - I)/(€ + 2) X M/d = PE + PA + 
P,, in which e is the dielectric constant, M is the molecular weight, d 
is the density, PE + PA is the polarization due to shifts of charges in the 
molecule inducible by an external field and P, is the polarization due to 
the orientation of the permanent electric doublets of the molecules. When 
P, is 0, the moment of the molecule must be 0. PE may be calculated as 
the molar refraction for light of infinite wave length, MR, = (1 - XE/X2)- 
[(n2 - l)/(n2 + 2) X M/d], where n is the index of refraction for light of 
wave length X and Xo is the wave length corresponding to a characteristic 
vibration frequency in the ultraviolet region. PA, the difference between 
PE, the polarization due to electronic shifts and the total induced polariza- 
tion, is commonly attributed to induced shifts of atoms or radicals. The 
variation of P with the absolute temperature T is shown by the equation, 
P = a + b/T, in which the constant a = PE + PA, b/t = PM, and the 
constant b = h N P 2 / 9 k ,  where p is the electric moment of a single molecule, 
N is the number of molecules in a gram molecule = 6.061 X loza, and k is 
the molecular gas constant = 1.372 X 10-16. Evidently, if P does not 

Smyth, Morgan and Boyce, THIS JOURNAL, 50, 1536 (1928). 
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change with changing temperature, it is to be concluded that b is zero and 
that therefore the moment of the molecule is zero. If the molecule pos- 
sesses a moment, Y should decrease with rising temperature. 

The refractive indices were measured with a Pulfrich refractomcter and 
the molar refractions MR and dispersions calculated in the manner de- 
scribed in the third paper of this ~ e r i e s . ~  The densities and dielectric 
constants were measured with the apparatus described in earlier papersJ1p3 
the only modification being the insertion of two stages of amplification in 
the detector circuit of the capacity bridge. The dielectric constant of the 
benzene used in calibrating the condenser was taken as 2.2176 a t  25". Both 
the dielectric constants and densities were measured at definite temperature 
intervals of 20" by adjusting the constant temperature bath to the exact 
temperatures shown in the following tables, the temperature being held 
constant to +0.05' below 0' and above 90" and to *O.O2' a t  the inter- 
mediate temperatures. The experimental data and the polarizations and 
refractions calculated from them are given in Tables I and 11, and in Fig. 1 
the values of the polarization are plotted as ordinates against those of the 
temperature as abscissas. In  order to keep the diagram within reasonable 
dimensions, the ordinates are broken several times, but the same scale is 
maintained throughout. 

TABLE I 

REFRACTIVE INDICES AND MOLAR REFRACTIONS AT 20°C. 

"7 n@ nD na MRr M R g  M R D  M R n  

Pentane 1.36600 1.36267 1.35801 1.35663 25.79 25 57 25.28 25.19 
Hexane 1.38318 1.37951 1.37490 137308 30 45 30.19 29.86 29.73 
Heptane 1.39636 1.39251 1 38777 1 38584 35.19 34.89 34 51 34.36 
Octane 1.40652 140238 1.39755 1.39559 39.91 39.55 39.13 38 96 
Nonane 1.41458 1.41043 1.40550 1.40351 44.65 44.22 43.78 43.60 
Decane 1.42119 1.41691 1.41192 1.40982 49.36 48.92 48.41 48.19 
Undecane 1.42656 1.42239 1.41730 1.41519 54.10 63.53 53.06 52.83 
Dodecane 1.43094 1 42685 1 42170 1.41959 58 77 58 30 57.67 57.42 

TABLE I1 

DIELECTRIC CONSTANTS, DENSITIES AND POLARIZATIONS 

I, O C .  C,Hu CaHlr CiHls CsHls CoHm CloHn CnHnr ClzHa 

Dielectric Constants 
. . . . .  . . . . .  -90 2 011 2 044 2 073 . . . . .  . . . . .  . . . . .  
. . . . .  . . . . .  -70 1.984 2017 2.047 ..... . . . . .  . . . . .  

-50 1.955 1.990 2.021 2.037 2.059 . . . . .  . . . . .  . . . . .  
-30 1.924 1.963 1995  2.013 2035 2050 . . . . .  . . . . .  
-10 1892  1.936 1.968 1.987 2.010 2.027 2.039 2.047 

10 1.860 1.906 1.940 1.961 1.985 2.003 2.017 2 0 2 5  
30 1.828 1.875 1.912 1.935 1.959 1.979 1994 2.002 

..... 50 1.844 1.881 1.907 1.932 1.954 1.969 1.978 

a Smyth and Stoops, THIS JOURNAL, 50, 1853 (1928). 
Smyth and Morgan, ibid., 50, 1547 (1938). 
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TABLE I1 (Concluded) 
C~HIG CsHis C9H20 

1.849 1.879 1.905 
1.815 1.849 1.878 
..... 1.817 1.847 

. . . . .  1.818 . . . . .  
..... . . . . .  1.787 

. . . . .  . . . . .  ..... 

. . . . .  . . . . .  . . . . .  

. . . . .  ..... ..... 
Densities 

0.7738 . . . . .  . . . . .  
. 7580 . . . . .  . . . . .  
. 7420 0.7588 0.7726 
. 7256 . 7432 . 7573 
. 7092 . 7275 . 7417 
. 6927 . 7114 . 7260 
. 6755 . 6945 . 7105 
. 6577 . 6781 . 6945 
. 6395 . 6610 . 6776 
. 6210 . 6437 . 6616 
. . . . . .  6257 . 6445 
. . . . .  . . . . . .  6272 
..... . . . . . .  6096 

. . . . .  . . . . .  . . . . .  
. . . . .  . . . . .  . . . . .  

. . . . .  . . . . .  . . . . .  
Polarizations 

34.09 . . . . .  . . . . .  
34.17 . . . . .  . . . . .  
34.26 38 64 43.28 
34.37 38.77 43.41 
34.44 38.84 43.53 
34.48 3893 43.63 
34.55 39.05 43.69 
34.56 39.08 43.74 
34.53 39.13 43.83 
3444 39.11 43.85 
. . . . .  39.05 43.78 
. . . . .  . . . . .  43.77 
. . . . .  . . . . .  43.69 
. . . . .  . . . . .  ..... 
. . . . .  . . . . .  . . . . .  
. . . . .  . . . . .  . . . . .  

In Fig . 1 the scale on which the polarization is plotted is so large that 
several of the points appear to lie a t  some distance from the straight lines 
drawn to  represent them . The values for heptane. octane. nonane and 
decane show an increasing tendency to fall below the straight lines as the 
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boiling point is approached. This deviation from linearity is regular and 
greater than the probable experimental error, but, as it is not apparent in 
the pentane, hexane, undecane and dodecane values, for which the same 
experimental technique was used and to which the same theoretical con- 
siderations should apply, its cause must be regarded as obscure and, pos- 
sibly, accidental. The results indicate, however, that, as in the case of 

Temperature, 'C. 
Fig. 1.-Variation of polarization with temperature. 

the isomers of heptane2 previously investigated, the polarization varies 
but little with temperature, the variation being an approximately linear 
increase with rising temperature instead of the hyperbolic decrease re- 
quired by the equation for the temperature variation of the polarization 
of substances possessing a moment. Cases have been found3s4 in which 
pure substances possessing large moments show a rise in polarization with 
rising temperature instead of the expected fall because the rising tempera- 
ture decreases the intermolecular action or association which is reducing the 

Smyth and Stoops, THIS JOURNAL, 51,3312,3330 (1929). 
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polarization. In these cases, the polarization, in spite of its reduction by 
intermolecular action, has been found to be considerably larger than the 
molar refraction, but the polarizations of these hydrocarbons at  20° are 
almost identical with the refractions for the sodium D line a t  this tempera- 
ture. Only when the refraction is extrapolated to infinite wave length to 
obtain the values shown under PE in Table I11 is the difference between P 
and PE appreciable. The difference P - PE is smaller than the values 
commonly found for PA,' which indicates a very small, if not zero, value 
for PM as P - PE = PA + PM. Moreover, the increase in P - PE in 
going up the series from pentane to dodecane is less than that commonly 
observed for PA with increase in molecular weight, which indicates a 
negligible variation in any possibly existing moment. As the temperature 
variation of P also points to a small, if not zero, value for PM, it  may be 
concluded that the values of PM and, hence, of the electric moments of the 
molecules, are indistinguishable from zero by the experimental method 
which has been employed. The difference P - PE is, therefore, set equal 
to  PA to obtain the values listed in Table I11 along with the dispersions and 
the values at  20' of the other constants which have been discussed. 

Pentane 1 .845 
Hexane 1.890 
Heptane 1.926 
Octane 1.950 
Nonane 1.972 
Decane 1.991 
Undecane 2.005 
Dodecane 2.017 

The value of PA for heptane in Table I11 is smaller than that found by 
Smyth and Stoops by 0.11, which, in view of the lower value, 2.276, instead 
of 2.279, assigned to the dielectric constant of benzene used as standard in 
the calibration of the apparatus, may be regarded as excellent agreement. 
The values increase with increasing molecular weight in a manner to be 
expected from the increase in P and PE. In view of the absence of mo- 
ment, it  is interesting to see whether the polarization resembles the refrac- 
tion in being an additive property, as might be expected. For this purpose, 
the differences between the refractions and also the polarizations of suc- 
cessive members of the series are shown in Table IV, the difference in each 
case being the contribution of a CH2 group. 

The mean values of the refractions for the CH2 group a t  different wave 
lengths agree well with those given in Landolt-Bornstein (5th ed.), which 

Smyth, THIS JOURNAL, 51,2051 (1929). 
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TABCR IV 
REFRACTION AND POLARIZATION OR GROUP 

MR-/ MRO M R D  MRa PE 

CeH14 GHn 4.66 4.62 4.58 4.51 4.49 
C~HIC-COHI~ 4.74 4 70 4.65 4.63 4.56 
CSHIB-CTHII 4.72 4.66 4.62 4.60 4.51 
CsHzo-CsHu 4.74 4.67 4.65 4.64 4.63 
96I2rCsHeo 4.71 4.70 4.63 4.59 4.48 
CiiHz4-CidIza 4.74 4.71 4.65 4.64 4.53 
Ci2H2cCiiHz~ 4.67 4.67 4.61 4.59 4.49 
Mean value 4.711 4 676 4.627 4.604 4.527 
Landolt-Bornstein 4.710 4 668 4.618 4 598 

are shown a t  the bottom of the table. In going down the columns of both 
the refractions and the polarizations there is a slight alternation in the 
values for the CH2 group, which suggests the possibility that the refraction 
and polarization of a molecule with an even number of carbon atoms in an 
unbranched chain may be proportionately a little lower than those of a 
molecule with an odd number of carbons in the chain. The range within 
which the values of P vary is slightly greater than that within which those for 
the more accurately measurable MK,, MKB, MK, and MR, vary but no 
greater than the range of the value of PE, in which the errors of measure- 
ment accumulate. As the values of P vary about the figure 4.60 without 
any trend upward or downward it is evident that the polarization of these 
hydrocarbons is an additive property, although a glance a t  the values of the 
dielectric constants in Table I11 shows that this quantity is decidedly not an 
additive property. The difference of the mean values of P and PB for the 
CH2 group gives a value 0.07 for PA for this group, which cannot, however, 
be regarded as of general significance. 

The increase of polarization with temperature, about 1% per 100' in the 
absence of the depression noted for some substances as the boiling point is 
approached, is of the same magnitude as that found previously for n- 
heptane and two of its isomers. It was suggested in this work4 that  the 
force fields of adjacent molecules might reduce the mobilities of the bound 
electrons to a small extent, thereby reducing the polarization and refraction 
and that, as the molecular separation and motion increased with rising 
temperature, the effect of the force fields upon the electrons was decreased, 
the polarization and refraction thus being increased. However, subsequent 
investigations of the refractions of mixtures of heptane with strongly polar 
molec~les,~ including ethyl and butyl alcohol, have shown that  the refrac- 
tion of the mixture is a linear function of composition, deviations from 
linearity being of the magnitude of the experimental error, about 0.02 units. 
The very different force field around the heptane molecule when i t  is sur- 
rounded with alcohol molecules instead of with other heptane molecules 

Smyth, Engel and Wilson, THIS JOURNAL, 51,1736 (1929). 



3552 R. W. DORNTE: AND C. P. SMYTH Vol. 52 

might be expected to bring about a considerable change in the refraction 
and polarization if the change of polarization with temperature observed in 
the present work were due to change in the effect of the molecular force 
fields. The absence of any such considerable change of refraction with 
concentration would, therefore, seem to argue strongly against the attribu- 
tion of the increase of polarization with temperature to decreasing effect of 
the force fields. It was also suggested that a more important factor might 
be the increase in the number of degrees of freedom with increasing tem- 
perkture, which should facilitate the displacement of charges in the mole- 
cule and, hence, increase the polarization. It must, however, be borne in 
mind that, in the derivation of the expression for refraction and polariza- 
tion, factors have, of necessity, been neglected, the effects of which may be 
negligible in comparison to that of a large dipole moment, but which, in the 
absence of a moment, may easily become evident in the results of careful 
measurements. 

The zero or exceedingly small moments of the molecules of these hydro- 
carbons, as in the case of the isomers of heptane, show the absence of any 
polarity in the bonds of alkyl radicals which may be detected through the 
electric moments arising from them, and, consequently, give no evidence of 
a difference in the electronegativities of the radicals. 

Summary 

The dielectric constants and densities of the normal paraffins from pen- 
tane to  dodecane have been measured over almost the entire temperature 
range within which these substances are liquid a t  atmospheric pressure and 
the refractive indices and dispersions have been determined a t  20'. 

The polarizations calculated from the dielectric constants and densities 
increase about 1% per 100' rise in temperature. The molar refractions a t  
different wave lengths obtained for the CH2 group agree well with those in 
the literature and the constancy of the polarization of the CH2 groups show 
that, in the absence of an electric moment, the polarization is an additive 
property, as would be expected. 

The absence of any decrease of polarization with rising temperature 
and the small difference between the polarizations and the refractions show 
that  the values of the electric moments of the molecules are indistinguish- 
able from zero. The moments are, therefore, regarded as approximately 
zero and the conclusion is drawn that the bonds of alkyl radicals possess no 
polarity detectable through electric moments arising from them. 

PRINCETON, NEW JERSEY 
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GERMANIUM. XXXV. GERMANIUM MONOXIDE. GERMANIUM 
MONOSULFIDE' 

BY L. M. DENNIS AND R. 8. HULSE 
KECEIVIED JUNE 9, 1930 PUBLI~HED SEPTEMBER 5, 1930 

Germanium Monoxide 

Indications of the existence of this compound were observed by Winkler2 

but he was unable to purify the product for analysis. Consequently his 
statement that it is germanous oxide lacked experimental confirmation. 
Isolated details have since then appeared in the l i tera t~re ,~ but none of the 
investigators made a systematic study of the compound. To extend our 
knowledge of this substance and possibly to open the way to the general 
study of the compounds of divalent germanium, about which compara- 
tively little is known a t  present, this investigation was taken up. 

Experimental 

Preparation of Hydrous4 Germanium Monoxide.-Germanium di- 
oxide was dissolved in a slight excess of a 5 N solution of potassium hydrox- 
ide, hydrochloric acid was added in amount necessary to make the solution 
about 5 N in respect to HCl,5 an excess of a 30% solution of hypophosphor- 
ous acid was then added, and the solution was held at  95' for two hours. 

Since the hydrous germanium monoxide is quickly oxidized by air, it 
was necessary to precipitate and wash the compound in an inert atmos- 
phere. This was accomplished with the apparatus shown in Fig. 1. 

The reduced solution was placed in the cylinder A which was surrounded by a jacket 
through which hot water was kept circulating. Through the rubber stopper in the top of 
A were inserted a tube carrying a small separatory funnel and a branch M, a glass hand- 
stirrer B which passed loosely through a short piece of glass tubing, and a siphon tube D. 

The air above the solution in A was displaced by hydrogen which entered through M 
and escaped around the glass rod B. This passage of hydrogen was continued through- 
out the operation. 

Germanous hydroxide was now precipitated by adding dilute ammonium hydroxide 
through C. The contents of A was then held a t  about 90' for one hour by the hot water 
rising from the flask and filling the jacket around A. The precipitate was then allowed 

1 This article is based upon the thesis presented to the Faculty of the Graduate 
School of Cornell University by R. E. Hulse in partial fulfilment of the requirements for 
the degree of Doctor of Philosophy. 

Winkler, J. prakt. Chem., 142, 177 (1886). 
Biltz, 2. anorg. Chem., 72, 313 (1911); Dennis, ibid., 174, 107 (1928); Hantzsch, 

ibid., 30, 289 (1902); Bardet and Tchakirian, Compt. rend., 186, 637 (1928). 
This term was introduced by Weiser to distinguish precipitated oxides that 

contain varying amounts of water, from hydrates in which water is chemically combined 
in definite stoichiometric proportions. See Weiser, "The Hydrous Oxides," 1926. 

When the solution is acidified, some germanium dioxide is precipitated, but this 
dissolves during the reduction. 
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to settle, the supernatant liquid was drawn off through D, hot water that had been 
boiled to free it from air was run in through C ,  and the mixture was stirred by moving 
B up and down and turning it. The precipitate was again allowed to settle, the super- 
natant liquid was drawn off, and the operations of washing were repeated until most of 
the soluble salts had been removed, which was shown by the tendency of the precipi- 

tate to become colloidal. Precipitate and liquid 
were then run into F by opening E and the pre- 
cipitate was collected on a filter paper in the 
Biichner funnel G. Contact with the air was 
here avoided by surrounding G with the glass 
cylinder F which was closed at  top and bottom 
with large rubber stoppers. The precipitate was 
washed until free from chloride, and was then 
quickly transferred to a boat of porcelain or 
alundum. This was inserted into a combustion 
tube and the precipitate was dried by heating it 
in a current of pure nitrogen to the desired 
temperature. 

Freshly precipitated hydrous germanium 
monoxide varies in color from yellow to red, 
depending upon the conditions of precipitation. 
I t  is readily soluble in the halogen acids. Sulfuric 
acid, 6 N, changes its color to dark brown (par- 
tial dehydration) and slowly dissolves it. I t  is 
only slightly soluble in fixed alkalies, but forms 
red colloidal solutions. 

When dried by heating in vacuo, water was 
steadily removed, and no evidence of the forma- 
tion of definite hydrates was obtained. As the 
temperature of drying is raised, the oxide changes 
in color from red to brown to black, with de- 
crease in solubility. Examination under the 
microscope showed that the particle size increases Fig. 1. 
as the color becomes darker, which indicates that 

the color change is not due to tautomerism as Hantzsch supposed, but is dependent 
upon the size of the particles and the amount of water associated with the oxide. 

Anhydrous Germanium Monoxide.-Hydrous germanium monoxide 
is completely dehydrated when heated in nitrogen to 650°, and jet-black 
crystalline germanium monoxide, GeO, results. I t  was analyzed by oxi- 
dizing it with pure hydrogen peroxide, evaporating the solution to dryness, 
heating the residue to 800' and weighing the resulting GeO2. 

Anal. Subs., 0.1401, 0.1515. Calcd. for GeO: Ge, 0.1143, 0.1248 = 81.940J0. 
Found: Ge, 0.1147 - 81.87%, 0.1240 = 81.810Jo, 

Properties.-Anhydrous germanium monoxide is not acted upon by 
moisture or atmospheric oxygen a t  room temperature, is attacked very 
slightly, if a t  all, by hydrochloric or sulfuric acid or solutions of fixed alkali 
hydroxides, but is slowly oxidized by fuming nitric acid, potassium per- 
manganate or chlorine water. I t  is rather readily oxidized by hydrogen 
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peroxide in the presence of ammonium hydroxide. Oxidation in dry air 
begins at 550°. When heated in a closed apparatus in pure nitrogen, the 
oxide sublimes a t  710°. 

When heated in nitrogen in a boat of platinum or nickel to  a temperature 
above 5W0, germanium monoxide yields germanium dioxide and metallic 
germanium, the latter forming an alloy with the metal of the boat. When 
heated in boats of siliceous material the monoxide reacts above 8 0 °  to  
form yellow glazes. 

Germanium monoxide is rapidly attacked by hydrogen chloride a t  about 
175O with the formation of germanium chloroform and water. Chlorine 
attacks the oxide a t  250°, forming GeC14 and GeOs. No evidence of the 
formation of the oxychloride GeOC12, was obtained. The action of 
bromine is similar to that of chlorine. 

Germanium Monosulfide 
Germanium monosulfide was first described by Winkler,2 and a study of 

its preparation by reduction of Get& in hydrogen was made by Dennis and 
J ~ s e p h . ~  To obtain further information concerning the formation of GeS 
by precipitation of a solution of a germanous compound, and the properties 
of the resulting product, the present investigation was undertaken. 

Experimental 
Preparation of Germanium Monosulfide.-A solution of germanous 

chloride was prepared in the manner described under Germanium Mon- 
oxide. Hydrogen sulfide was passed into the hot solution and continued 
until the solution had cooled to  room temperature. The precipitate under 
these conditions is dark red in color and granular. Precipitated from cold 
solution, the sulfide is light yellow and gelatinous. The red precipitate can 
readily be filtered and washed, and is quite stable toward oxygen a t  room 
temperature. Upon heating it to about 300' in pure nitrogen, all water 
was removed. 

Analysis.-Germanium was determined by dissolving a sample in dilute ammonium 
hydroxide and 3y0 hydrogen peroxide that had been redistilled to free it from residue, 
evaporating the solution to dryness and carefully igniting the resultant GeOn. 

Sulfur was determined by the method of Popoff and Newman.7 

Anal. Subs., 0.0970, 0.1340. Calcd. for GeS: Ge, 0.0673, 0.0930 = 69.37y0. 
Found: Ge, 0.0671 = 69.22%; 0.0929 = 69.30%. Subs., 0.2236, 0.2571. Calcd. for 
GeS: S, 0.0685,0.0788 = 30.63%. Found: S, 0.0684 = 30.59%; 0.0786 = 30.56%. 

Properties.-Germanium monosulfide, thus prepared, is a dark red, amorphous 
substance; specific gravity, 3.31. I t  is readily soluble in dilute hydrochloric acid, 
but is only slowly attacked by sulfuric, phosphoric or organic acids. It is rapidly oxi- 
dized by hot dilute nitric acid, and by aqueous solutions of hydrogen peroxide, potassium 
permanganate, chlorine or bromine. 

Dennis and Joseph, I. Phys. Chem., 31, 1716 (1927). 
Popoff and Newman, Ind. Eng. Chem., Anal. Ed., 2,45 (1930). 
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The red sulfide is readily soluble in solutions of alkali hydroxides or sul- 
fides, forming deep red solutions, from which the addition of alcohol causes 
the separation of red, viscous liquids. The sulfide is slowly oxidized in air 
a t  350°, and rapidly a t  higher temperatures, forming GeOz and SOz. 
When heated to about 150" in hydrogen chloride, germanium chloroform 
and hydrogen sulfide are formed. Chlorine attacks the sulfide a t  room 
temperature forming Gee14 and chlorides of sulfur. 

Crystalline Germanium Monosulfide.-When red, amorphous ger- 
manium monosulfide is held a t  450' in an atmosphere of nitrogen, i t  changes 
in a few hours to the black crystalline form described by Dennis and 
J ~ s e p h . ~  The substance is slowly oxidized by an ammoniacal solution of 
hydrogen peroxide and also by chlorine water or potassium permanganate. 
It begins to sublime in nitrogen a t  430°, and melts a t  625'. Its specific 
gravity is d y  3.78. 

Summary 

This article describes the preparation and properties of hydrous and 
anhydrous germanium monoxide, and of amorphous and crystalline 
germanium monosulfide. 

ITHACA, New YORK 

[CONTRIBUTION FROM THE CHEMICAL ~ABORATORY OP STANPORD UNIVERSITY] 

THE EFFECTS OF SUBSTITUENTS ON QUANTUM EFFICIENCY 
IN THE QUINONE-ALCOHOL REACTION 

The average of over twenty determinations1 of quantum efficiency for 
the photochemical reaction between benzoquinone and ethyl alcohol in the 
wave length region X4350-2537 -4. yields the figure 0.502. In other words, 
for every quinone molecule decomposed, two quanta are absorbed. The 
nearness of this ratio to one-half immediately raises interest as to its source. 

Weigert and Brodmann2 explained a quantum efficiency of one-half 
in the nitrobenzaldehyde photolysis as due to the different possible orienta- 
tions of the absorbing molecules with respect to the electric vector of the 
incident light, by which statistically only one-half of the absorbed light 
could be effective in producing activation and subsequent chemical change. 

By assuming a superoxide structure for quinone, the same explanation 
can be applied to the observed quantum efficiency in the quinone reaction. 
However, as was pointed out, the results can also be explained by assuming 
that every absorbed quantum is effective in producing activation, and that 
a 50% efficient secondary reaction is responsible for the observed yields. 

1 1,eighton and Forbes, THIS JOURNAL, 51,3549 (1929). 
Weigert and Brodmann, Trans. Faraday Soc., 21,453 (1925). 



Changes in quinone concentration throw no light on this question, the 
alcohol being present in such excess that the reaction is pseudomono- 
molecular, and the quantum efficiency hence independent of concentra- 
tion within measurable limits. Very low concentrations of alcohol and 
qrlinone in a neutral solvent might be used to gain evidence on this point, 
but a simpler method offers itself in the possibility of substituting heavy 
groups in the quinone molecule. If the quantum efficiency of one-half is 
inherent in the process of absomtion and activation of molecules of the 
nitrobenzaldehyde and quinone type, substituents should not affect i t ;  
but if a secondary reaction, involving collisions with a low probability 
of effectiveness, is responsible, substituents should offer a steric hindrance 
to the reaction, with a resultant change in quantum yield. 

We have investigated, therefore, the effects of substitution in a series of 
chloro and aliphatic substituted quinones. 

Apparatus and Materials 
The monochromator described earlier was used,' with the addition be- 

tween the front slit and the collimating lens of a quartz-water cell t o  cut 
down infra-red radiation. In  this cell could be placed Corning glass filter 
combinations, which were used to increase the purity of those mercury 
arc lines lying in the visible region. For example, the separation of A5460 
from X5770, imperfect with the monochromator alone or with filters alone, 
is almost complete with the combination of monochromator and filters. 

The experimental procedure and method of calculation employed were 
the same as described.' Some trouble was experienced with the analysis in 
the case of the alkyl substituted quinones, but this was overcome by using 
more concentrated hydrogen iodide solutions and by titrating dark and 
exposed samples simultaneous1 y. 

Monochloroquinone was prepared by the oxidation of monoclilorohydroquinone 
with dichromic acid. 

Dichloroquinone was prepared by the oxidation of symmetrical trichlorophenol 
with chromic acid.4 

Toluquinone was prepared by oxidizing o-toluidine with manganese dioxide under 
steam distillati~n.~ 

Chloranil and thymoquinone were obtained commercially. All the quinones were 
carefully purified by successive sublimation before use. 

Experimental 

Measurements of the amount of quinone disappearing during the ex- 
posure and of the number of ergs of monochromatic energy absorbed by the 
quinone itself were used in calculating quantum efficiencies. All experi- 

Den Hollander, Rec. trao. chim., 39, 481 (1920); Clark, Am. Chem. J., 14, 571 
(1892). 

Kehrmann and Tiesler, J. prakt. Chenz., [ Z ]  40,481 (1889). 
Clark, Am. Chem. J., 14,565 (1892). 
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ments were performed at 25'. Solutions were 0.005 M in absolute alcohol 
except that for chloranil an 0.0025 M solution was used. The solutions 
were kept under pure nitrogen a t  all times. 

Alcoholic quinone solutions, especially those of the chloro-substituted 
quinones, decompose slowly in the dark, the average amount of decompo- 
sition being shown in Table I. 

TABLE I 
DARK REACTION (25 O )  

Time, sec. % Decomposed Time. see. % Decomposed 

Monochloroquinone 5660 1 .O 10036 2.0 
15310 3.0 

Dichloroquinone 4992 1.5 1926 1 .O 
Chloranil 6105 2.5 

The rate of the dark reaction apparently increases with amount of chlo- 
rine substitution. 

3000 4000 5000 6000 
Wave length, A. 

Fig. 1.-Relation between quantum efficiency and wave length. 
Circles represent chloroquinones; triangles, alkylquinones. 1, 
Benzoquinone ; 2, toluquinone ; 3, monochloroquinone ; 4, thymo- 
quinone; 5, dichloroquinone; 6, tetrachloroquinone. 

Error from the dark reaction was avoided by always pipetting equal 
portions of solution into two similar cells, one being kept in the dark while 
the other was exposed, and both being analyzed simultaneously. Light 
reaction was then taken as the difference between dark reaction and total 
reaction. 

In Table 11, Q, represents the fraction of the total incident energy of the 
entire exposure which was absorbed by the quinone alone,' and @ represents 
the quantum efficiency, molecules/quanta. The individual values of cP 
possess, in general, a probable error of +10 to 15%. 

Discussion 
The quantum efficiencies are summarized in Table 111, and compared 

on Graph 1. 



Three points are to be observed. (1) For each quinone there is a region 
in which the efficiency of the reaction is, within limits of error, independent 
of the wave length. 4 t  longer wave lengths, however, for every quinone 
except chloranil there is a region in which the efficiency drops off rapidly. 
In other words, every quinone shows a threshold region below which the 
quantum efficiency is independent of wave length. 

(2) This threshold region varies from one quinone to another-moving 
toward longer wave lengths with increasing chlorine substitution and to- 
ward shorter wave lengths with alkyl substitution. The oxidation po- 
tentials of the quinones are shifted in a similar manner, as shown by the 
following comparison. 

Quinone 

Thymoquinone 
Toluquinone 
Benzoquinone 
Monochloroquinone 
Dichloroquinone 
Tetrachloroquiilone 

Approximate threshold 
0uid.rtion potentials region, A 

0.5875 X4000-4350 
,8454 40004350 
.Ci990 4350-5000 
,7125 circa 5000 
,7220 circa 5000 
... 5770 

TABLE I1 
(a) MONOCHLOROQUINONE, C~H3C102 

',h Reduced Qm Quanta absorbed Molecules reduced 

3.70 0.016 4.88 X 1018 5.61 X 1017 
0.90 .042 4.80 X 1017 1.36 x loi7 
6.6 .I68 3.05 X 1.07 X 1018 

14.4 ,564 7.03 X 10l8 2.33 X 1018 
13.8 1 .0  5.80 X 1018 2.27 X 1018 

(b) DICHLOROQUINON~, C~H2C1202 

2 0 0 060 3 54 X 10'8 3 03 x 1017 
14.2 ,611 5 74 X 1018 1 45 X lor8 
10 5 ,729 5 35 X 10" 1 59 X 1018 
13 5 .783 9 24 X 10l8 2 19 X 1018 
19 3 ,905 6 07 X 10l8 1.46 X 1018 

(d) TOLUQUINONE, C6H3(CH3)O2 

12.4 0.550 1.26 X 1019 2.64 X 10l8 
14.4 .650 5.51 X 10'" 2.18 X 10l8 
28.3 .870 1.03 X 10l8 4.29 X 1018 
20.6 ,872 7.92 X 1Ol8 3.13 X 1018 

6 La Mer and Baker, THIS JOURNAL, 44, 1960 (1922); Conant and Fieser, ibid., 
45,2208 (1923). 
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TABLE 11 (Concluded) 

(e)  THYMOQUINONE, CBH~(CH~) (C3H7)O2 
A % Reduced Qm Quanta absorbed Molecules reduced 0 

4350 19.0 0.680 1.45 x loi9 2.88X1018 0.198 
3660 21.8 .742 1.03 X 1019 3 30 X 10l8 .320 
3130 21.2 .915 1.08 X 1019 3 21 X 10'8 .300 
2700 15 8 .90 7.81 X 10l8 2.39 X 1018 ,307 

Mean of quantum 
efficiency 

O at following wave lengths in constant 
Quinone Mol. wt. 5770 5460 4350 3660 3130 2700 reglon 

Benzo 108 0.045 0.230 0.457 0.527 0.502 0.536 0.505 
Tolu 122 . . . . ,210 .396 .417 .395 ,403 
Monochloro 142.5 .I15 ,284 .350 ,326 . . ,385 ,354 
Thymo 164 . . . . .I98 .320 .300 .307 .309 
Dichloro 177 .086 . . .253 .297 .234 .241 .256 
Tetrachloro 246 .082 . . . lo6 .098 .089 .088 .095 

The oxidation potential indicates an increase in the activity of the 
quinones as one goes from thymoquinone to the chloroquinones. The 
threshold region, in shifting toward longer wave lengths, indicates for the 
same progression a decrease in the amount of energy needed to activate the 
molecule. The two effects are entirely in accord-the more active quinones 
require less energy for activation. 

(3) The value of the quantum efficiency below the threshold (in the 
region where it is independent of wave length) also varies from one quinone 
to  another. Here, however, the effect appears to be independent of the 
chemical nature of the substituting groups. It is a function only of their 
mass. This is brought out by comparing the mean quantum efficiency in 
the constant region with the molecular weight of the quinone (graph 2).' 

We believe this to be purely a space effect. The effect on the threshold 
region shows that substitution influences the energy needed to activate the 
molecule. Once activated, its fate is determined by the probability of a 
reaction-producing collision with an alcohol molecule. This may be repre- 
sented by the reaction scheme 

Quinone + hv -+ Quinone' (1) 
Quinone' -+ Quinone + energy (2) 

Quinone' + alcohol + Hydroquinone + aldehyde (3) 

The quantum efficiency then is determined by the relative probabilities 
of Reactions 2 and 3. The larger and heavier the molecule, the smaller 
the probability of a suitable collision, or, the smaller the relative proba- 

It  is to be noted that the alkyl quinones both deviate from the curve connecting 
the chloroquinones and benzoquinone. As this deviation lies just on the limits of ex- 
perimental error, we cannot say that it is real. 
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bility of Reaction 3 compared with Reaction 2. The chemical nature of 
the substituting groups is without effect. 

On this basis, the nearness of the quantum efficiency to one-half for 
benzoquinone can only be regarded as fortuitous, and the mechanism pro- 
posed by Weigert does not apply. Weight is added to  this conclusion by 
the observation that in acid solutions the reaction rate is increased as much 
as 20%. 

100 150 200 250 
Molecular weight. 

Fig. 2.-Showing relationship between quantum efficiency and 
the molecular weight of the quinone used. Circles are for 
chloro-substituted, triangles for alkyl-substituted, quinones. 

Further measurements are in progress to determine whether the effects 
described here apply to other photochemical reactions. If found to be 
general, we believe these effects will give a valuable insight into the phe- 
nomenon of "steric hindrance" in chemical reactions. By the photo- 
chemical method of study i t  might be possible to separate pure space ef- 
fects from those specific effects arising from the chemical nature of the sub- 
stituents. 

Summary 

1. The quantum efficiencies of the photochemical decomposition of five 
chloro and alkyl substituted quinones in alcoholic solutions have been 
measured between A2700 and A5770 A. 

2. For each quinone, a threshold region, below which the efficiency is 
independent of the wave length, is observed. 

3. Substituents which increase the oxidation potential of the quinone 
shift the threshold toward longer wave lengths and vice versa. 

4. Substitution decreases the quantum efficiency as the mass of the mole- 
cule is increased, irrespective of the chemical nature of the substituents. 

5. The specific effects on the threshold and the general effects on the 
efficiency are sharply differentiated. The first is ascribed to changes 
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produced by substitution on the energy of activation of quinone. The 
second is ascribed to a "steric hindrance" affecting the probability of re- 
action of the activated molecule. 

STANFORD UNIVERSITY, CALIFORNIA 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OP THE UNIVERSITY O F  CALIPORNIA] 

THE SENSITIZED PHOTOSYNTHESIS OF CARBON DIOXIDE 
AT LOW CHLORINE PRESSURES 

In studying the photosynthesis of phosgene, Chapman and Gee1 found 
that  oxygen had an inhibiting effect on the reaction. Later Bodenstein2 

showed that the concentration of the oxygen did not remain constant during 
the reaction, but decreased, due to the formation of carbon dioxide. 
S~humacher ,~  in a more extensive investigation, found that a t  high oxygen 
pressures the phosgene formation was so small that i t  could be neglected 
for chlorine pressures below 50 mm. In this case the oxygen and carbon 
monoxide reacted to form carbon dioxide, the rate law being 

d(COp) = K ~ H ~ L ~  (CO)I/n 
dt 

or for small absorption of light 

d(COz) = k12.71 (c12)0.71 (CO)l/r 
dt 

where lo is the intensity of the incident light. The exponent, 0.71, for the 
light absorbed suggests at once that the conditions were probably such that 
two parallel reactions were involved, one being proportional to the first 
power of the light absorbed, the other to the square root. A case of this 
type was shown to exist in the photosynthesis of hydrobromic a ~ i d . ~ , ~  
That reaction followed the square root law a t  high pressures and the first 
power a t  low pressures. I t  seemed not unreasonable to think that in the 
sensitized formation of carbon dioxide a similar behavior should be found 
so that a t  high pressures of chlorine the square root of the light absorbed 
would appear in the rate law and a t  low pressures the first power. In 
both reactions the explanation of this behavior would be the same, i. e., 
the  destruction of the halogen atoms by first order reactions such as colli- 
sions with the walls of the reaction vessel or with impurities predominates 
a t  low pressures, whereas the recombination in the gas phase is of greater 
importance at high pressures. 

Chapman and Gee, J. Chem. Soc., 99, 1726 (1911). 
2 Bodenstein, Sitzb. preuss. Akad. Wiss., 13, 104 (1926). 
8 Schumacher, Z. physik. Chem., 129,241 (1927). 
4 Briers and Chapman, J. Chem. Soc., 130, 1802 (1928). 
Jost and Jung, Z. physik. Chem., B3,83 (1929). 
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Experimental 
From Schumacher's results i t  seemed that the first power law must hold a t  pressures 

of chlorine below two centimeters of mercury; therefore the apparatus used in these 
experiments was designed for work in that range. The reaction vessel was made of 
Pyrex, cylindrical in form with a plane window a t  one end and the inlet for the gases a t  
the other. The length of the vessel was 18 cm. and the diameter 6 cm. Uniform illu- 
mination was obtained by rendering the light from a 500-watt tungsten filament lamp 
approximately parallel and passing it  through a solution of quinine sulfate t o  remove 
rays of wave length less than 4050 A. It is readily shown that under such conditions 
the change in intensity of the effective light in passing through the reaction vessel is 
never more than 10y0 if the pressure of chlorine is less than 2 cm. of mercury. Further- 
more, the deviation from strict proportionality between the amount of light absorbed 
and the chlorine pressure is less than ,5010. 

The chlorine was prepared by heating anhydrous cupric chloride in a small side 
tube sealed onto the tube leading into the reaction vessel. The gas prepared in this 
manner has been tested previously and found thoroughly sa t i s fac tory .Vhe  carbon 
monoxide was prepared by the decomposition of formic acid in sulfuric acid, washed 
with strong sodium hydroxide solution and finally dried with concentrated sulfuric acid. 
The gas was stored in a three-liter bulb from which it  could be admitted t o  the reaction 
vessel as needed. The oxygen was prepared by the electrolysis of potassium hydroxide 
solution, was freed from hydrogen by passing over hot copper oxide, and was stored in a 
three-liter bulb containing some anhydrous calcium chloride which served as a drying 
agent. 

The reaction was followed by observing the change in pressure with time. Due t o  
the marked heating which occurs during the reaction, all readings were taken after 
turning off the light and allowing the system to stand until the pressure became constant. 
The manometer liquid was sulfuric acid of specific gravity 1 84. As the total pressure 
used in these experiments was of the order of half an atmosphere, a special form of 
manometer had t o  be devised in order t o  keep the length of the column t o  be measured 
within reasonable dimensions. The form finally adopted consisted of a vertical section 
of glass tubing, internal diameter 3 mm., the upper end of which was connected t o  the 
reaction vessel by means of a capillary tube and the lower end was ring-sealed into a 
flask of one-liter capacity in such a manner that the end dipped into thirty cubic cen- 
timeters of sulfuric acid in the bottom of the flask. Another tube leading out of the 
flask permitted either the simultaneous evacuation of both sides of the manometer or the 
admission of air into the flask t o  any desired pressure. Thus the manometer read the 
difference in pressure between the reaction vessel and the other side. For any one setting 
the range was approximately 50 cm. of sulfuric acid or 6.75 cm. of mercury. Pressure 
changes beyond this range were read by resetting the manometer as  many times as  . 
necessary. 

The procedure followed in making a run was t o  introduce chlorine into the reaction 
vessel up t o  a pressure &lo cm. of sulfuric acid above that to be used in sensitizing the 
carbon dioxide formation. Next the carbon monoxide was admitted from the reservoir 
bulb. These two gases were illuminated with resultant phosgene formation until the 
chlorine pressure had been reduced t o  the value desired for the run. This procedure was 
considered necessary by Schumacher in order to  destroy inhibitors which would other- 
wise cause a n  induction period in the carbon dioxide formation. Some preliminary tests 
with the materials used in these experiments showed that frequently this procedure was 
unnecessary in order to  obtain results free from an induction period but  the number of 

Rollefson, THIS JOURNAL, 51, 770 (1929). 
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cases in which the induction period appeared was sufficient so that i t  was deemed ex- 
pedient t o  carry out the reaction as recommended by Schumacher. After this pre- 
liminary formation of phosgene, the oxygen was admitted t o  a pressure 80-100 cm. of 
sulfuric acid in excess of the amount required for complete oxidaton of the carbon 
monoxide. A period of from one to three hours was allowed for the gases to  mix before 
starting the reaction. I n  following the reaction readings were taken a t  intervals of 
from one-half to five minutes depending on the speed of the reaction. 

Results 
The data obtained are summarized in graphical form. Under the condi- 

tions of the experiments the amount of phosgene formed should be negligible 
and the rate independent of the oxygen pressure so that at  a given chlorine 
pressure the observed law should be 

- -= d(CO) k(CO)'/r 
dt 

Integrating this expression 
(CO)'/z = kt + a 

where a is the constant of integration. Hence if we plot the square root of 
the carbon monoxide pressure against the time, the resulting curve should 

Fig. 1. 

be a straight line. Pigure 1 shows the curves obtained a t  three different 
chlorine pressures. In each case the straightness of the line7 shows that the 
assumptions of constancy of the chlorine pressure during the run and inde- 
pendence of the rate from the oxygen pressure are valid. 

The effect on the rate of varying the chlorine pressure is obtained by 
plotting the values of k obtained above against the chlorine pressure raised 
to such a power that a straight line is obtained. Pigure 2 shows the plot 
using the first power of the chlorine pressure and it is obvious that this law 
holds well within the limits of error of the experiments. 

In  these plots the pressures have been left in terms of cm. of sulfuric acid. 
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It remains to show the effect of varying the intensity of the incident light. 
The procedure followed was to illuminate a given reaction mixture for 
three-minute intervals, using various screens to reduce the light intensity. 
The screens were of black cloth and had been calibrated with a thermopile 
and tested for neutrality. In Fig. 3 the observed rates are plotted against 
the light intensity, the intensity with no screen being taken as one. The 
circles were obtained with one reaction mixture and the crosses with 
another. The point on the abscissa axis represents the amount of reaction 
produced by light reflected from the walls of the room and surrounding 
objects. Another source of error which would be of consequence a t  low 
light intensities, but could not be corrected for, is the variation in light 
intensity due to imperfections in the filters. The graph shows that the 
rate of reaction is proportional to the first power of the light intensity. 

0 2 4 6 8 
Chlorine pressure. 

Fig. 2. 

Discussion 

From the data which have been presented, we see that a t  low pressures 
of chlorine the rate of formation of carbon dioxide is given by the expression 

where the substitution of Io(C1z) for labs. is justified by the fact that the 
total amount of light absorbed is small. This result confirms the view ex- 
pressed a t  the beginning of this paper, to the effect that the exponent 0.71, 
found by Schumacher, is due to a mixture of reactions. The extension of 
the measurements to cover the pressure range studied by Schumacher has 
been delayed pending the construction of an apparatus which will permit 
the simultaneous observation of the carbon dioxide formation and the 
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phosgene formation which is always present a t  high chlorine pressures. 
It may be that the deviation from the first power of the chlorine pressure 
a t  high pressures is due to the formation of phosgene, causing a break in the 
chain of reactions giving carbon dioxide, which would result in the observed 
yield being less than it would be if the phosgene formation remained negli- 
gible. This possibility is to be investigated. 

Turning to a consideration of the possible mechanisms for the carbon 
dioxide formation, we find that the equations given by Bodenstein, Lenher 
and WagneP and by Lenher and Rollefson

g 
agree in that both have the 

carbon dioxide formed by the action of oxygen on an intermediate com- 
pound COCl. No detailed calculations concerning the formation of carbon 
dioxide were made in either paper as both were primarily concerned with 
the formation of phosgene. Some attempts have been made to calculate 
the rate law obtained in this paper from those mechanisms, but they have 
been unsuccessful, as the derived equations either showed a dependence of 
the rate on the oxygen pressure, or else gave the wrong exponents for the 
factors involved. These difficulties may be due to using the wrong chain- 
terminating reaction, although several different ones were tried. It is, 
however, possible to draw some conclusions concerning the nature of the 

8 Bodenstein, Lenher and Wagner, 2. physik. Chem., B3,459 (1929). 
* Lenher and Rollefson, THIS JOURNAL, 52, 500 (1930). 



Sept,, 1930 PHOTOSYNTHFSXS OF CARBON DIOXIDE 3567 

reaction. ' In the first place the fact that the rate of the reaction is inde- 
pendent of the oxygen pressure a t  moderate pressures of oxygen, but not a t  
lower pressures, indicates that in the higher mnge the step involving oxygen 
is too fast to be one of the rate-determining steps; therefore, on the basis of 
both the mechanisms referred to above, the rate of formation of carbon 
dioxide is essentially the rate of formation of COC1. Now i t  is an experi- 
mental fact that the rate of oxidation of carbon monoxide a t  a given 
chlorine pressure is comparable with the rate of formation of phosgene, at 
the same chlorine pressure, in the absence of oxygen. On the basis of the 
mechanism of Bodenstein, Lenher and Wagner, this would mean that their 
Reactions 2 and 4, namely 

CO + C1 = COCI, and 
co + Clo + C1 = COClz + C1 

have comparable rates. Such being the case, i t  is diflicult t o  see how it 
would be possible for the phosgene formation to be negligible at any moder- 
ate pressure, as is found to be the case. This difficulty does not exist in the 
mechanism of Lenher and Rollefson, as COCl is a step in the formation of 
phosgene in that mechanism so that if the COCl is removed rapidly by 
oxygen, the rate of formation of phosgene will drop to a low value. At high 
temperatures the rate of dissociation of COCl becomes faster than the rate 
of reaction with oxygen, and therefore the carbon dioxide formation ceases 
a t  such temperatures. From this viewpoint the sensitized photosynthesis 
of carbon dioxide supports the views of Lenher and Rollefson concerning 
the formation of phosgene. Further discussion of this system will be 
postponed until more data are available. 

Summary 

The chlorine-sensitized photosynthesis of carbon dioxide has been studied 
for pressures of chlorine ranging from 2 to 13 mm. of mercury. In this 
range the rate law has been shown to be 

d(CO" = kIo(C12)(CO)'/z 
dt 

The results have been discussed briefly from the standpoint of the mecha- 
nisms which have been proposed by Bodenstein, Lenher and Wagner, and 
by Lenher and Rollefson. 

B~ERKELEY, CALIFORNIA 
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THE USE OF CALCIUM HYDRIDE FOR THE DETERMINATION 
OF THE SOLUBILITY OF WATER IN BENZENE, CARBON 

TETRACHLORIDE AND TOLUENE 

Introduction 
For the determination of small amounts of water, 0.1% or less, a gaso- 

metric method has the advantage of giving a relatively large volume of 
gas from a small amount of water. Various reagents have been used to 
react with water to evolve a gas the volume of which was measured. Cal- 
cium carbide was used by Roberts and Frazer2 and other investigators. 
Sodium3 and the Grignard reagent4 have also been used. 

The energetic reaction of calcium hydride with water to evolve hydrogen 
suggested its use for the determination of water. The hydride offers two 
advantages over calcium carbide: (I) in most reagents the hydrogen 
evolved is not as soluble as acetylene and (2) the experimental accuracy is 
greater since, according to the following equations, twice the volume of 
gas is evolved: 

CaH2 + 23320 = Ca(OH)z + 2H2 
CaCz + 2Hz0 = Ca(0H)z + CzHz 

Calcium hydride has been used by Wirth6 to determine water in ethyl 
alcohol using the reaction 

CaHz + COr + He0 = CaC03 + 2Hz 

His results, however, are of doubtful value because of the possible reaction 
of calcium hydride with the alcohol to evolve hydr~gen .~  

Since the completion of the work reported in this paper, an article has 
been published describing a method developed by Olav N ~ t e v a r p , ~  who used 
calcium hydride to determine the water content of various solids and high- 
boiling liquids. The two methods, developed simultaneously and inde- 
pendently, are radically different since in Notevarp's method the hydride is 
suspended above the sample and does not mix with it. He found his 
apparatus to be impractical for determinations of water in low-boiling 

Part 2 of a dissertation submitted in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy. 

Roberts and Frazer, J. Soc. Chem. Ind., 29, 197 (1910). 
Graefe, ibid., 25, 1035 (1906). 
Zerewitinoff, 2. anal. Chem., 50, 680 (1911). 

6 Wirth, 2. Deut. dl-Fett-Ind., 41, 147 (1921). 
Moissan, Comfit. rend., 127, 29 (1898); B. von Lengyl, Math. Nut. Ber. Ungarn., 

14, 180 (1898); Perkin and Pratt, J. Chem. Soc., 95,161 (1909). - 
Olav Notevarp, 2. anal. Chem., 80,21 (1930). 
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organic solvents such as were used in the present investigation. Also, his 
analyses were concerned with various practical determinations in which 
larger percentages of water were present. 

The present investigation was begun by studying the determination of 
water in benzene since the latter does not react8 with the calcium hydride. 
The method developed was then extended to other solvents. 

Experimental 

Materials 

The benzene was reagent grade, found free from thiophene, arid had a boiling point 
79.6 O (corr.) and melting point 5.4 " (corr.). 

The carbon tetrachloride was found to be free from all impurities (boiling point 
76 8"  corr.). 

The toluene *as purified by standing over mercury, refluxing wlth phosphorus 
pentoxide and fractionating, the fraction distilling a t  110.4-110.6° being used. 

The calcium hydride was found to be about 97% pure. The chief impurity was 
about 2% calcium nitride as determined by acid titration of the ammonia evolved in the 
reaction with water. I t  contained about 0.2% of calcium carbide and possibly some 
metallic calcium and calcium oxide. None of these impurities interfered with the de- 
terminations, as will be shown later by the results in Table 1. 

Apparatus.-In the type of apparatus used by M ~ N e i l , ~  calcium carbide 
was dropped from a side arm into the sample contained in a flask con- 
nected with a gas buret. This gave inaccurate results when calcium 
hydride was used to determine water in benzene. The errors introduced 
by such an apparatus are as fol1ows. (I) The largest error is due to ad- 
sorbed gases found present on the powdered calcium hydride. A consider- 
able volume of gas was released when the hydride was heated in a tube or 
when the powder was dropped into a dry organic liquid. (2) A film of 
moisture remains on the reaction flask despite drying a t  110' and is also 
adsorbed during the manipulations. (3) Any rubber present is attacked 
by the organic vapor with consequent leaks and introduction of impurities. 

These errors are eliminated in the apparatus shown in Fig. 1, which is constructed 
as follows: a 150-cc. pyrex flask A is connected by the ground-glass stopcock B with the 
50-cc. bulb C fitted with a ground-glass joint D. The ground-glass joint F is tightly 
held together by the rubber bands G stretched between wires encircling each half of the 
joint. The tube J is partly filled with calcium hydride to insure reaction of any water in 
the organic vapor with the hydride before it reaches the phosphorus pentoxide placed 
in the tube K. The rubber connection L is surrounded by a well of mercury M to pre- 
vent gas leakage. The 100-cc. gas buret N and the leveling tube P are filled with water. 
Constant temperature is maintained by pumping water a t  30°from a thermostat through 
H, 0, and the bath Q. 

Method.-The apparatus was prepared for an actual water determination by the 
following preliminary treatment. About 5 g. of powdered calcium hydride was placed 

Moissan, Compt. rend., 127, 29 (1898); Reich and Serpek, Helv. Chim. Acta., 3, 
138 (1920). 

McNeil, U. S, Dept. Agr., Bur. Chem. Circ. 97, pp. 1-8. 
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in the flask A with about 15 cc. of the undried solvent being studied. The ground-glass 
joints were then lubricated by a special graphite paste made by mixing dry graphite 
powder (100 mesh) with just enough stopcock grease to  give a thick paste. This special 
preparation was found necessary because the hot organic vapors dissolved the ordinary 
lubricants with consequent leakage. The flask A was then put in place as shown in 
Fig. 1 and was heated for several hours. This heating was conveniently accomplished 
by  a small electric heating coil. After several hours the heating coil was removed from 
beneath A, the flask was allowed to cool and the thermostat Q was raised into place 
around A. After the system had come t o  equilibrium the gas volume was read. The 
barometric pressure was also recorded, since i t  was found that 1 mm. change in atmos- 
pheric pressure resulted in a change of 0.3 t o  0.5 cc. in the gas volume (depending on the 
volume of gas present in the apparatus) ; this correction was always applied when any 

K 
change in pressure occurred. The 
thermostat Q was then lowered and 
the heating of the flask continued for 
several hours. The heating coil was 
then removed from beneath A, Q was 
raised into place and a reading taken 
of gas volume and barometric pres- 
sure. The process of heating, cooling 
and taking readings was continued 
until no more hydrogen was evolved. 
This preliminary treatment served a 

C 

three-fold purpose: (I) it  checked 
the apparatus for leaks, (2) it  removed 
any moisture in the apparatus, (3) it 
removed the adsorbed gases from the 
calcium hydride. 

After the above procedure the 
actual determination of water was - carried out as follows. The organic 
solvent was first saturated by shaking 
with water in a flask a t  high tempera- 
ture and then allowing the flask to  

Fig. 1.-Apparatus for water determination. in a the desired 
temperature, with the resulting sepa- 

ration of excess water as shown by the turbidity. The solution was allowed t o  stand 
for a day or more t o  come to equilibrium before a sample was withdrawn for solubility 
measurements. The sample was then withdrawn with a 25-cc. pipet, the tip of which 
was guarded by a ground-glass cap and the upper end by a tube filled with calcium 
hydride to  prevent absorption of moisture when not in use. The sample (25 or 50 cc.) 
was introduced into the bulb C through D after B had been closed. The joint D was 
then closed and the bath Q raised around A. After the system had come t o  equilibrium, 
the initial gas reading and barometric pressure were recorded. The bath Q was then 
lowered and B was opened to allow the sample to  react with the calcium hydride already 
present with the dry solvent in A. Hydrogen was evolved rapidly a t  first and after the 
evolution slowed down, the flask was heated t o  expedite the reaction. The process of 
heating, cooling and taking readings was continued until i t  was found that  no more gas 
was being evolved. In  some cases the reactions were allowed t o  continue for three days 
before the last traces of gas were evolved, although it  was found that  the reaction was 
about 95% complete within the first ten hours. 
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After one determination was completed, another sample was added to the flask 
and successive analyses were carried out until the flask A was filled with the solvent. 

Results.-The accuracy of the method was first established by adding a 
weighed amount of water from a weighing pipet to calcium hydride con- 
tained in benzene from which all water had been abstracted by boiling with 
the hydride until no more hydrogen was evolved. The results of these 
experiments are shown in Table I. 

TABLE I 
ACCURACY OF METHOD 

Experiment ........................... 1 2 3 
Water taken, g..  ...................... 0.0387 0.0396 0.0406 
Hydrogen evolved (calcd. as water), g..  .. ,0384 .0396 .0402 

Solubility of Water in Benzene, Carbon Tetrachloride and Toluene.- 
The solubility of water in the above solvents was determined a t  various 
temperatures. The results are shown in Table I1 and are graphed in 
Fig. 2. 

TABLE 11 
SOLUBILITY OF WATER IN BENZENE, CARBON TETRACXILORIDE AND TOLUENE 

Grams of water per 100 g. of solvent 
Temp., OC. Benzene Carbon tetrachloride Toluene 

10 0.0451 0.00711 0.0335 
20 ,0573 ,00844 .0450 
30 .0746 .0109 .0600 
40 .0953 .0152 ,0733 
50 .I271 .0237 .0953 

.... 60 .I637 . . , .  

(a) Solubility of Water in Benzene.-The values given in the table 
are an average of two to four determinations of the solubility a t  each 
temperature. A typical example of the accuracy of the individual de- 
terminations is illustrated by values of 0.0962, 0.0953 and 0.0944 (average 
0.0953) for the solubility of water in benzene at 40'. 

These results for the solubility of water in benzene are higher than 
those obtained by Cliffordl0 by absorbing the moisture from the benzene 
with calcium chloride. They are somewhat lower than the results of 
Groschuffl1 determined by the turbidity method and also lower than the 
results of Hi1112 determined by measuring the solubility of silver per- 
chlorate in benzene-water solutions. 

As a practical application of this method of analysis, the drying of ben- 
zene by distilling off and discarding the first 10% was tested. This method 
is recommended for the removal of water from benzene.13 Ordinary tech- 

lo Clifford, Ind. Eng. Chem., 13,632 (1921). 
l1 Groschufi, Z. Elektrochem., 17,348 (1911). 
l2 Hill, THIS JOURNAL, 45, 1143 (1923). 
13 "Organic Syntheses," John Wiley and Sons, Inc., New Pork, 1924, Val, IV, p. 81. 
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nical benzene was used and in Table I11 the effect of distilling off 10% of 
Sample No. 1 was determined. Sample No. 2 was first saturated with 
water and 20% of the solution was distilled before the distillate came over 
unclouded, thus showing no more excess water. 

TABLE 111 

THE REMOVAL OR WATER PROM BENZENE BY DISTILLATION 

Sample No. 1. 10% distilled Sample No. 2. 20% distilled 

Original sample 0.025% ' 0 2 0  Original sample 0.0746% H20 
Residue contained 0.0147% ' 0 2 0  Residue contained 0.0156% Hz0 

(b) Solubility of Water in Carbon Tetrachloride.-The results given 
in Table I1 were obtained using 50-cc. samples and despite the very low 

solubility the method gave 
checks between individual 
determinations of 0.000470 
HzO. Clifford1° using the 
calcium chloride method ob- 
tained values of 0.010% at 
24' and 0.013% at 28.5O, the 
latter not agreeing with the 
present results. 

The presence of carbon di- 
sulfide as an impurity in tech- 
nical carbon te t rachlor ide  
was found to increase the solu- 
bility of water in the solvent 
by about 50Y0. As an ex- 
ample typical of several de- 
terminations, the solubility 
of water in carbon tetrachlo- 

0 20 40 60 ride containing carbon disul- 
Temperature, OC. fide was found to be 0.0170% 

Fig. 2.-Solubility of water in organic solvents: 
Curve 1, benzene; Curve 2, carbon tetrachloride; instead of the value 0.0109% 

Curve 3, toluene. HzO in pure carbon tetra- 
chloride. 

(c) Solubility of Water in Toluene.-The results given in Table I1 
are average values obtained with 25- and 50-cc. samples of toluene. 

Discussion 
The principal value of the present method is its extreme accuracy. As 

shown by the results in Table I and the individual solubility determina- 
tions, the method is accurate to about 0.001% Hz0 in determinations of 
less than 0.10% Hz0 present in organic solvents. 

A possible practical application of the method besides its use in solu- 
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bility studies is as follows. A dry organic solvent such as benzene could 
be used to  extract the water from a solid sample by leaching or refluxing and 
the water present in the solvent could subsequently be determined. 

The two chief objections to the calcium hydride method are the following. 
First, the method is limited to solvents which do not react with calcium 
hydride or otherwise react so slowly that necessary corrections can be 
applied; second, the method is not rapid, since the analyses are of one to  
three days' duration, although they do not require much actual time or 
care. The time required can be shortened for practical determinations 
since the reaction is about 95% complete in ten hours and the percentage 
of total moisture could then be estimated. 

Summary 
I. A new improved apparatus and method have been developed for 

the gasometric determination of water in certain organic solvents. 
2. Calcium hydride has been shown to be a good reagent for the quanti- 

tative determination of water, giving an accuracy of O.OO1Ojo H20 in deter- 
minations of about O.lyo H20. 

3. The solubility of water in benzene, in carbon tetrachloride, and in 
toluene has been determined a t  various temperatures. 

4. Benzene can be dried to a water content of 0.015y0 by distilling and 
discarding the first 10 to 20Yo of the liquid. 

[CONTRIBUTION PROM THE DEPARTMENT OP CHEMISTRY, UNIVERSITY OF CINCINNATI] 

A STUDY OF THE PRODUCTS OBTAINED BY THE REDUCING 
ACTION OF METALS UPON SALTS IN LIQUID AMMONIA 

SOLUTION. 111. THE ACTION OF SODIUM UPON 
SILVER IODIDE AND SILVER CHLORIDE1 

BY WAYLAND M. BURGESS AND EDWARD H. SMOKER 

R E C E I V E D  JUNE 18, 1930 PUBLISHED SEPTEMBER 5, 1930 

Introduction 
In  the first paper of this ~ e r i e s , ~  there was described a reaction in liquid 

ammonia between sodium and a salt, which resulted in the formation of a 
compound of sodium and the reduced metal. In the present paper a 
simpler case is presented where the reduced metal is obtained without 
further reaction. 

Kraus and Kurtz3 found that sodium reacted readily with silver cyanide 
This article is based upon the thesis presented to the Faculty of the Graduate 

School, University of Cincinnati, by Edward H. Smoker in partial fulfilment of the re- 
quirements for the degree of Doctor of Philosophy. 

Burgess and Rose, THIS JOURNAL, 51,2127 (1929). 
a Kraus and Kurtz, ibid., 47,43 (1925). 
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or silver iodide in liquid ammonia, forming a metallic precipitate, inactive 
toward air and moisture. The reaction ratio of sodium to silver salt was 
given as 1.11 and 1.09. They concluded that no compound of sodium 
and silver was formed. A more accurate determination of this reaction 
ratio has been carried out, obtaining as an average value 1.00. The prod- 
uct of the reaction has been purified and shown by analysis to be metallic 
silver. 

Experimental Method 

Silver Mide (or silver chloride) was prepared by slowly mixing equal 
volumes of approximately 0.5 N solution of purified potassium iodide (or 
potassium chloride) and silver nitrate. The resulting precipitate was 
was5ed, filtered, dried a t  110°, pulverized and kept in a brown bottle. 

In carrying out the reaction, a small bent tube, containing a weighed 
amount of the silver salt, was placed in the side arm of a reaction tube, 
identical with the one used in the earlier work.2 By gently tapping the 
tube, the powdered salt was slowly added to a liquid ammonia solution, 
containing a weighed amount of sodium, until the blue color just disap- 
peared. The end-point of the reaction could be judged very accurately. 
From the weights of the silver salt and sodium used, the reactron ratio was 
calculated. 

The precipitate formed by the reaction was washed according to the 
method previously des~ribed,~ until the wash solution gave no test for 
soluble halides. The last trace of ammonia was allowed to evaporate 
against a slight pressure. Tests showed that the dried product did not 
gain weight in air, so i t  was removed from the reaction tube and weighed 
directly on a balance. The solid was then analyzed for silver by dissolving 
in concentrated nitric acid and precipitating as silver chloride. On a 
number of samples, determination of the loss in weight on heating to 100 O 

and tests for iodides (or chlorides) and ammonia were made. 

Experimental Data 

In Tables I and I1 are summarized the experimental results for the 
reaction ratios and silver determinations. 

T m t s  I 
REACTION RATIO AND SILVER ANALYSES USING SILVER IODIDE 

Ratio % Ag in 
No. Na, g. AgI, g. Na/AgI product 

178 0.1584 1.5981 1.012 96.4 
179 .I581 1.5833 1.019 97.3 
180 .I543 1 5728 1.000 97.1 
194 .3181 3.2505 0.998 98.4 
195 .2846 2.8812 1.008 98.3 
198 ,4652 4.7343 1.003 98.4 
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TABLE 11 
RBACTXON RATIO AND SILVER ~ A L Y S E S  USING SILVER C H J , O R ~ G  

Ratio Oj, Ag in 
No. Na, g. AgC1, g. Na/AgCl product 

R3 0.4789 2.9957 0.997 . . 
B4 .4291 2.5840 1.007 98 .8  
B5 .4867 2 9451 1 ,030" 98.2 
S l  ,1756 1.0917 1 ,003 08 .7  
Llb .2853 1.7751 1 ,002 . . 
L2 .2804 1.7458 1.001 . . 
L3 .2346 1 ,4644 0.999 . . 
L4 ,2584 1.6118 .999 . . 

" Solution blue at end. Those experiments marked I, carried out by Mr. Hooper 
Linford in this Laboratory. 

Several samples showed a slight loss in weight on heating t o  100° in an 
evacuated tube for several hours. The loss was of the magnitude of 0.1- 
0 . .  In all cases, traces of iodides (or chlorides) were present in the prod- 
uct since the concentrated acid solution was always turbid. I n  a number 
of cases the dried precipitate was digested with water and the soluble 
iodides (or chlorides) determined. The values obtained varied from 0.1 t o  
0.8% of the total weight. Test made on the heated samples with Nessler's 
reagent showed that no ammonia was present. No gas was liberated dur- 
ing the reaction. 

Discussion of Results 

Both the reaction ratio and analysis of the product show that sodium re- 
acts with silver iodide (or silver chloride) in liquid ammonia according to  
the following equation 

N a  + AgI --+ NaI + Ag 

A product analyzing 100% silver could not be obtained because of the 
inability to wash the precipitate entirely free of adsorbed salts. That this 
was not due to inefficient washing was shown by digesting a dried sample 
with water before treatment with acid. Even then the acid solution was 
turbid, showing the presence of halogens. 

The excellent agreement of the reaction ratio shows the high degree of 
accuracy with which the end-point of these reactions can be determined. 
I t  is suggested that free sodium in solution can be accurately determined 
by this method of adding a weighed quantity of silver chloride. 

Summary 

Sodium reacts with liquid ammonia solutions of silver iodide, or silver 
chloride, to form free silver and the corresponding ssciium salt. Ns  further 
reaction occurs. 
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[CONTRIB~JTION FROM THE CHEMICAL LABORATORY OF THE JOHNS HOPKINS UNIVERSITY] 

THE REMOVAL OF GASES FROM LIQUIDS 
BY ROGER K. TAYLOR 

RECEIVBD JUNE 24, 1930 P~~BLISHED SEPTEMBER 5, 1930 

The complete removal of gases from liquids is essential in some research 
problems, and is a matter presenting considerable difficulty. Although 
the distribution coefficient of many gases between the vapor and liquid 
phases of the solvent is of such magnitude as to indicate that practically 
all of the gas should be removable by sweeping off a comparatively small 
amount of the solvent, the establishment of equilibrium is usually very 

slow; the rate of liberation of dissolved 
gas is dependent on the extent, and 
particularly on the rate of renewal, of 
the liquid-vapor interface. Periodic re- 
moval of the vapor above a liquid stand- 
ing in a bulb is a very tedious method of 
accomplishing gas removal, since diffu- 
sion of the gas to the liquid-vapor inter- 
face is slow. Stirring the liquid, espe- 
cially if it  can be spread out in a large 
thin film, accelerates the process con- 
siderably. This can be accomplished in 
an apparatus previously described.' 

In another apparatus devised by the au- 
thor, and shown in Fig. 1, the removal of air or 
other gas from any liquid of appreciable vapor 
pressure may be readily accomplished. The 
liquid is contained in A; most of the gas in the 
apparatus is pumped out through D. Then, 
with D closed, a small flame is placed under the 
side tube C ,  and cold water is circulated through 
the jacket E. The vaporization of the liquid 
in C carries a succession of slugs of the liquid up 
the tube B, splashing it against the opposite 

Fig. 1. wall and permitting it to flow in a thin film 
down the wall, back to the bulk of the liquid. 

This action gives constant circulation and stirring of the liquid and active motion of the 
liquid-vapor interface. 

C is sealed in somewhat above the center of B, so that even if B is for a moment 
completely filled with liquid, no opportunity is offered for vapor to push back to or past 
H. The liquid level in A must of course be somewhat above the junction of B and C. 
The constriction and bulb at  the top of C,  and jacket around C ,  are to keep this tube 
ever from filling completely with liquid, either by distillation or splashing; the heating 
of a nearly gas-free liquid at any considerable distance from a liquid-vapor interface 
leads to irregular, practically explosive, boiling and possibly disastrous bumping. 

Taylor, THIS JOURNAL, 50,2937 (1928). 
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When sufficient condensation has taken place in F$ to  give overflow from all of the 
sections of the column F, the latter functions like any fractionating column. The 
mixture of gas and vapor passes up the column, bubbling through the liquid on each 
plate, and the only way for gas t o  pass from any given section t o  the one below i s  t o  re- 
turn in solution in the overflow. The partial pressure of gas (and hence its solubility) 
is low; the volume of condensate, compared with that of the vapor forming it, is very 
small. Accordingly a state of equilibrium will finally be reached a t  which virtually 
all of the gas in the system is in the top of the column, since the ascending vapor in each 
section will be relatively richer in gas than the descending liquid; the slowly descending 
liquid is stripped of its gas content by meeting in countu-current the ascending prac- 
tically gas-free vapor. I t  is evident that when cquilibrium as t o  gas content is reached, 
the liquid in A will be nearly gas-free even when the partial pressure of gas a t  the top 
of the column is quite appreciable. Incidentally, a rough estimate of the amount 
of gas present may be made by comparing temperatures at  A and a t  the top of F ;  for 
obvious reasons the presence of gas will lead to  a higher temperature a t  A, while when the 
gas is nearly all gone the slight difference due to the head of liquid through which the 
vapor must bubble is not appreciable to the touch. 

The gas is removed as it acct~mulates, together with some of the vapor, by opening 
periodically thc trap D for an instant to  a pump or to  an evacuated space of some five 
or ten times the volume from the top plate to the trap. Active bubbling np the column, 
persisting for some time, follows this operation if gas has accumulated t o  any extent. 

Trap G communicates with the apparatus in which the gas-free liquid is to be used; 
a t  the proper time the receiver is chilled, and when G is opened the liquid distils over. 
Or, of course, the unit itself may be employed as a reservoir for the gas-free liquid. 

The advantages of this over the apparatus previously described1 are 
that with the same amount of stirring the gas-vapor mixture need not 
be removed so frequently; if equilibrium is established before each re- 
moval, the same number of removals carries off a far larger fraction of 
the gas; hence, though the loss of liquid in complete degassing is small in 
either case, i t  is less with the present device; and the slight chance of 
carrying air in mechanically with the flowing mercury of the former appa- 
ratus is obviated with this one. Furthermore, even if there should be a 
minute leak admitting air into the system, it would still be possible to 
withdraw a practically air-free vapor through G, as the air would be 
carried out of A up the column as it leaked in. 

On the other hand, the present apparatus cannot be used as well as the 
former if i t  is necessary to maintain the liquid at a constant temperature 
during the degasification. 

A device of the present sort has a number of uses. (1) At this Univer- 
sity i t  has served for the preparation of air-free water, benzene and toluene, 
used in several researches. 

(2) The author has employed it in a study of the retention in vacuo of 
gases by soluble salts. In this instance air-free water was admitted, by 
breaking a septum with a magnetically operated hammer, to  an evacuated 
tube sealed on a t  H containing the salt under investigation; after the salt 
had dissolved, the solution was degassed as described above; the gas liber- 
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ated, together with some water vapor, was pumped off a t  D for measure- 
ment and analysis. 

(3) It could evidently be used to determine the solubility of gases in 
liquids, by admitting the saturated liquid into the evacuated apparatus and 
pumping off and measuring the gas liberated. 

(4) Adsorption of gases by soluble materials could be determined by a 
method similar to that used in (2). 

A modified Topler pump, embodying the features of the McLeod gage, 
has been found convenient in handling small amounts of gases, as in (2). 
Such an apparatus as shown in Fig. 2 may well be used in any case, such as 

(2), (3) and (4), when the amount and nature of the gas 
8' evolved are of interest. 

By raising the mercury, gas that has entered a t  E is 
compressed into the calibrated tube B up to one of the 
graduations, and the pressure is determined by compar- 
ing mercury levels in B and C. (Condensation of sol- 
vent vapor occurs in both B and C, so that vapor pressure 

A is canceled in making this measurement.) If more than 
one stroke of the pump is to  be made, condensation of 
vapor in F must be avoided, as otherwise re-vaporization 
on the down-stroke will leave practically no difference in 
pressure between E and F. This is easily accomplished 
by warming the mercury; most of the condensation then 
takes place in B instead of in F, and when A is closed the 
down stroke leaves a vacuum in F. 

Fig. 2. If a mixture of gases is present, i t  may be analyzed 
as follows. The total amount of gas is first determined 

as above; then by suitable manipulation of A and the mercury level, the 
gas is transferred to D, which is evacuated and contains an absorbent for 
one component of the mixture. When absorption is complete, the residual 
gas is pumped back into B and re-measured. D may then be opened, 
cleaned out, charged with another absorbent, and pumped out; the next 
constituent is then determined in a similar manner, and so on. 

Summary 

Description is given of apparatus and method for removal of gases from 
appreciably volatile liquids. 

Some uses, actual and potential, for this dev&e are listed. 
Description is given of apparatus and method for pumping off, measuring 

and analyzing small amounts ~f gas, in absence or presence of condensable 
vapors. 

BALTIMORE, MARYLAND 
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[CONTRIBUTION FROM THE CHEMICAL LABOUTORIES OF THE WASIIINGTON SQUARB 
COLLEGE OF NEW YORK UNIVERSITY] 

'CESIUM SULFATE AS A CONFIRMATORY REAGENT IN THE 
DETECTION OF ALUMINUM 

BY HERMAN YAGODA AND H. M. PARTRIDGE 
RRCBIVBD JUNE 25, 1930 Pussrsns~ SBPTEMBBR 5, 1930 

Cesium salts, because of their unique properties, have long been used as 
reagents in micro-analytical work and with the increasing demand for 
salts of this element together with the opening of new ore deposits, i t  seems 
certain that much more general use of its interesting properties will result 
both in qualitative and quantitative analysis. 

The familiar aluminum tests which depend on the formation of "The- 
nard's Blue" or "lakes" wlth organlc dyes are not altogether satisfactory, 
especially for the average student in qualitative analysis. The formation of 
a relatively copious precipitate of the insoluble cesium alum, C~zS04.Ale- 
(S04)3.24HnO1 which contains only 4.75% by weight of aluminum, is on 
the other hand a simple and decisive test. Its sensitivity mll be appreci- 
ated when it is recalled that a saturated solution of cesium alum at  0' is 
0.00745 M with respect to aluminum ion, and that at 16O this value is but 
slightly greater, 0.0077 M. Concentrations of aluminum down to 0.1 
mg. per cc. are easily and rapidly detected. 

Procedure 
The supposed aluminum hydroxide, separated in the usual manner from 

the other Group I11 metals, is dissolved in 1-5 cc. of hot 3 M sulfuric acid 
by repeatedly pouring the acid through the Uter. (If the precipitate is 
large, it is more convenient to remove some of it and dissolve in an evapo- 
rating dish.) The resulting aluminum sulfate solution is cooled and 0.5-1 
cc. of approximately 0.25 M cesium sulfate is added. On scratching the 
walls of the test-tube with a stirring rod, the dense white cesium alum 
separates and rapidly settles. 

T i e  Required for Precipitation.-Due to the great tendency of 
cesium alum solutions to remain supersaturated, the following rough classi- 
fication has been made 

Concn. of Al ion in mg. per cc. 5 and greater 1-5 0.1-1 
Time for precipitation instantaneous 1 minute 3 minutes 

Interfering Elements.-Although cesium has a great tendency to form 
double salts with many elements, only bismuth is likely to be troublesome. 
In practice this possibility of confusion may be eliminated by adding one 
drop of concd. hydrochloric acid to a portion of the white precipitate. 
Warm and add 1 cc. of hydrogen sulfide water. A brown precipitate of 
bismuth sulfide will indicate the presence of that element. Ferric and 
chromic alums are much more soluble than the aluminum alum. Beryl- 
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lium and magnesium do not interfere. The elements lanthanum cerium, 
praseodymium, neodymium, erbium, yttrium, thorium, zirconium (and 
probably hafnium) form more soluble double cesium sulfates or form them 
much more slowly than aluminum. 

The authors are indebted to the Maywood Chemical Works for their 
kind cooperation in this and other work which will be described later. 

NEW YORK, N. Y. 

[CONTRIBUTION PROM THE CHEMICAL LABORATORY OP THE UNIVERSITY OE" CALIPORNIA] 

AN OXIDE OF IODINE, 1202. AN INTERMEDIATE COMPOUND 
BY WILLIAM C. BRAY 

RECEIVED J U ~ Y  8, 1930 PUBLISI~~D SEPTEMBER 5, 1930 

The recent experimental proof by Abel and Hilferdingl that the reaction 
between iodate and iodide ions in acid solution, long known as a fifth order 
r e a ~ t i o n , ~  is of the fourth order a t  a low iodide concentration, has led me to 
reexamine the series of investigations of Skraba13 on the rate of formation 
of iodate and iodide from iodine and hydroxide ion. Skrabal presented 
strong evidence that HISO and 1 3 0 2 -  exist as intermediate compounds in 
this reaction, and that HI30 is a loose addition compound of iodine and 
hypoiodous acid. He also pictured 1 3 0 2 -  as a similar compound of iodine 
and iodite ion. The present analysis has led to the conclusion that HzIz03 
and 1 2 0 z  also exist as intermediate compounds, and that I3O2- is really an 
addition compound of I 2 0 2  and iodide ion. 

Skrabal succeeded in demonstrating that the results of his rate measure- 
ments could be represented by three rate laws, A, B and C, and postulated 
the following mechanisms 

Relatively rapid equilibrium 210H + I- c;r 130H + OH- (la) 
A Rate-determining step ISOH -+ (2) 

Main reaction 310H + 30H- = 21- + 1 0 3 -  + 3H10 
Relatively rapid equilibrium 213- + OH- I3OH + 31- 0) 

B Rate-determining step I3OH --+ (2) 

Main reaction 3Ia- + 60H- = 1 0 3 -  + 81- + 3Hg0 
Relatively rapid equilibrium 318- + 40H-c- 130,-  + GI- + 2HzO (3b) 

C Rate-determining step 1 3 0 2 -  --+ (4) 
4 + rapid steps 1 3 0 2 -  + 20H- = 1 0 8 -  + 21- + Hz0 (5 )  

Main reaction (Sum) 313- + 60H- = 1 0 3 -  + 81- + 3He0 (6) 

Abel and Hilferding, 2. physik. Chem., 136, 186 (1928). 
(a) Dushman, J. Phys. Chem., 8, 453 (1904); (b) Skrabal, 2 .  Elektrochem., 28, 

224 (1922) ; 30,109 (1924) ; (c) Abel and Stadler, 2 .  physik. Chem., 122,49 (1926). 
3 Skrabal, (a) Monatsh., 32,815-903 (1911); (b) Oesterr. Chem.-Ztg, No. 11 (1913); 

(a) is the fifth paper of a series of twelve, 1907-1916, on hypohalous acids and hypopha- 
lites, and (b) is a general discussion of the stoichiometric reactions of iodine isolated 
and studied in his investigations. 
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A and B have the same rate-determining step, (2), the disappearance of 
130R in a first order reaction; they show differences in .the rate laws, in the 
equilibria that precede the rate-determining step, and in the main reactions, 
merely because the initial concentrations of OH-, HIO, I-, IS- and Ta 
differ in the two sets of experiments. C involves another rate-determining 
step, (4), the disappearance of I3o2-, which is also a first order reaction. 
This reaction, termed by Skrabal the "slow" reaction, was detected in the 
presence of B; and, by suitable variation of the experimental conditions, 
was studied as a limiting reaction. 

Additional evidence for this mechanism was presented by Xkrabal by 
means of rate measurements in the analogous bromine reactions a t  low 
concentrations of hydroxide ion.* The results furnish for the existence of 
HBr30 a proof similar to that for the existence of H130, and show that there 
is a second independent reaction resembling, but not identical with, that  
which involves 1302-. Measurements of the rate of formation of chlorate 
in solutions which contain hypochlorite and hypochlorous acid5 have given 
no indication of the existence of either HCl3O or Cl3On-. There is thus 
definite evidence that oxyhalogen compounds containing three halogen 
atoms per molecule exist as intermediate compounds, and that the tendency 
of such compounds to form decreases rapidly in the order iodine, bromine 
and chlorine. It will be recalled that the stability of the complex tri- 
halide ions, as 13-, Bra-- and C13-, decreases in the same order. 

The relation of H130 and 1 3 0 2 -  to other substances and to each other are 
shown by the rapidly reversible reactions: la, lb, 3b and the following 

212 + OH- c-. HISO $ I - ( 1 4  
Ia + HI0 t-; HI30 (Id) 

3HI0 + OH- * 180s- + 2Hi0 (3a) 
312 + 40H- c-=- 1 3 0 2 -  + 31- + 2Hz0 ( 3 ~ )  

HI80 + HI0 + 20H- tL 18%- $ I- f 2Ha0 ( 3 4  

The valence (or polar number) of iodine in 1302- is, on the average, the 
same as in hypoiodous acid, and that in HIIO is lower. It is thus probable 
that in the spontaneous first order reactions, (2) and (4), a t  least one of the 
three atoms of iodine is changed to a higher, and one to a lower, valence 
stage than that of hypoiodite iodine. 

Under the conditions of Skrabal's experiments there are two, and only 
two, paths which lead, through HLO and 1302-, respectively, to  the forma- 
tion of iodate and iodide. These two paths are to be regarded as inde- 
pendent, even though HI3O and 1 3 0 2 -  are in equilibrium with each other 
as shown in 3d. Consideration of the equilibria, la-d, 3a-d and the hy- 
drolysis of iodine 

4 Skrabal and Weberitsch, Monatsh., 36,237-256 (1915). This is the tenth paper of 
the series mentioned in the preceding reference. 

6 (a) Skrabal and Weberitsch, Ref. 4, p. 246; (b) Foerster and Dolch, 2. Elektro- 
chem., 23,137 (1917). 
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leads to  the conclusion that the rate of iodate formation must become ex- 
tremely small in acid solutions which contain iodide, and this is in qualita- 
tive agreement with experimental results.= It is also to be expected that 
this spontaneous formation of iodate and iodide from HI,O or is 
impossible whenever the concentrations of I- and H+ are high 
enough to enable these substances to  react with each other. In  this 
connection, Skrabal proved that the path from 1 3 0 2 -  to iodate and iodide 
is closely related to, if not identical with, that of the fifth order reaction2 

between I- and H f ;  he proved this by calculating correctly7 the 
value of the equilibrium constant of Reaction 6 from the rate laws and spe- 
cific reaction rates of "C" and the fifth order reaction. Skrabal, however, 
did not outline a mechanism for either of the first order reactions, (4) and 
(2). 

Several investigators had commented on the fact that all iodate-halide 
reactions in acid solution are of the fifth order, while the bromate and chlo- 
rate reactions are of the fourth order, and a t  least ones considered a transi- 
tion to  the lower order probable in the case of the 103--I--Hf reaction. 
The recent investigation of Abel and Hilferdingl has demonstrated that 
this transition is complete a t  a sufficiently low concentration of iodide ion, 
about molal a t  25'. They suggest for the mechanism the rate-deter- 
mining step 

HI03 + HI (or 103- + I- + 2H+) -+ HI0  f HI02 (8) 

followed by the rapid reduction of H I 0  and HI02 to iodine; but they do not 
refer a t  all to the mechanism of the fifth order reaction, for which Abel and 
Stadler2' had written the rate-determining step 

(where the middle term represents a Bronsted "critical complex"). Abel 
and Hilferding have thus left open the question as to a connection between 
the fourth and fifth order reactions. 

On considering this question, Dr. Liebhafsky and I have concluded that 
Reaction 8 cannot be the first step in 9, that complete independence is 
improbable on account of the similarity and high orders of the two reac- 
tions, and that they can be brought into close relationship by assuming as 
an intermediate compound either &1203 or LO2. I have now found this 
assumption to be consistent with Skrabal's reactions. In the following 
mechanisms, for reasons which will be explained later, both Hz1203 and 
1 2 0 2  are assumed to exist. 

Fourth order reaction a t  low concentration of iodide. 
(a) Skrabal, Ref. 3b, p. 8 ;  (b) Abel, Nernst Festschrift, 1 (1912). 
' Skrabal, Ref. 3a, pp. 878-881. 

Skrabal, Ref. 2b, p.  124 (1924); Monatsh., 36,230 (1915). 
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Relatively rapid equilibrium IOs- + I-  + 2Hi HWzIz03 (104 
Rate-determining step HzIaO, + HIOy + H I 0  (11) 

Main reaction 103- + 51- + 6H+ = 31z + 3H10 (12a) 

Fifth order reaction, with excess iodide. 
Relatively rapid equilibrium 1 0 3 -  + I- + 2H+ & I 2 0 3  

1 2 0 2  + HnO (lob) 
Rate-determining step IzOe + I -  -+ 130s-  (13) 
Rapid follow reactions 1302- + 61- + 4H+ = 313- + 2H20 (14) 

Main reaction 103- + 81- + GH+ = 313- + 3H20 (12b) 

There is thus a "f~rking"~ a t  the Hz1203 stage between a first order re- 
action (11) and a second order reaction which involves iodide ion (13). 
The rapid follow reactions, of course, take place in steps, which, in (14), are 
related to the reverse reactions of Nos. 3a-d. One of these, the reverse 
of (3a) 

1~0~-  + H + + HzO -+ 3HI0 (144 

is of especial interest, since i t  leads to three molecules of hypoiodite, as 
postulated in Reaction 9. A consideration of these reactions leads to  the 
conclusion that IsOz- is extremely unstable in an acid iodide solution. 

The complete correspondence between the two series of reactions, 10b- 
13-14 and 3b-4-5, shows that, in this path, there is only one rate-deter- 
mining step between iodine and iodate-iodide, and that Equation 4 may 
be completed by writing i t  as the reverse of (13). The assumption that 
these two rates are equal a t  equilibrium leads directly to an expression for 
the equilibrium constant of Reaction 6, closely related to that verified by 
Skraba17 

where 
-d(Ia-)/dt = 3d(IOs-)/dt = KC(OH-)*(I~-)~/'(I-)~ (16) 
- d(10,-)/dt = k5(103-)(I-)2(H+)2, and K w  = (H+)(OH-) 

In Skrabal's other path from iodine to iodate-iodide there is a single 
rate-determining step (2)' only a t  a distance from the final equilibrium; 
a second independent rate-determining step, presumably the reverse of 
(lo), will manifest itself as equilibrium is approached; and the calculation 
of the equilibrium constant of Reaction 6 from the kinetic data is obviously 
impossible. The following reactions are suggested to  complete (2), and 
to represent the subsequent relatively rapid steps in the alkaline solution 

(Equation 2) H130 + H20 + HI02 + 21- + 2H+ (17) 
Rapid follow reactions 2H+ + 20H- = He0 (174 

IS- + OH- = 2HIO +- I- (17b) 
HI02 + HI0 = HaIeOa (1 74 
HeIzOs + 20H- = 1 0 3 -  + I- + 2HsO (17d) 

(a) This term was suggested by Luther; Bray, 2. physik. Chem., 54, 465 (1906); 
(b) Skrabal, Ref. 3a, p. 880. 
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It will be noted that the main reaction (6) is the sum of these reactions 
and (lb) ; and that (17c), the reverse of ( l l ) ,  appears as one of the rapid 
follow reactions. In the reverse case in acid solution, i t  is doubtful whether 
the rate-determining step (11) will always be followed by the reverse of 
(2), since this involves the assumption that HI02 cannot be reduced by 
iodide ion in acid solution by any other path than that through H130. 
The above mechanism requires the presence of Is-, HI02 and OH-, and 
therefore of I2 and 10%- ion, and is thus a t  variance with the assumption 
that 1302- can be formed rapidly from 1% and 102-. 

It has already been mentioned that Skraba14 demonstrated two inde- 
pendent paths in the spontaneous formation of bromate and bromide from 
bromine in weakly alkaline solution, and concluded for one of them that 
the decomposition of HBr30 is the rate-determining step. The reverse 
reaction between bromate and bromide ions in acid solution is well known 
t o  be the fourth order.1° There is thus a complete analogy with the 
iodine path through H130, and we may postulate a series of intermediate 
reactions which corresponds exactly with that presented in the preceding 
paragraph. The other path requires a more detailed consideration. 

Skrabal's rate law4 

-d(Brs-)/& = 3d(BrO3-)/dt = k2(OH-)4(Br8-) 3/(Br-) (18) 

differs from Equation 16 only in the exponent of the halide term, 7 instead 
of 6. The rate law for the fourth order reaction is 

- d(Br03-)/& = k4(BrOs-) (Br -) (H+)2 (19) 

Skrabal demonstrated that the equilibrium constant, K, of the main re- 
action 

3Br8- + 60H- = B;o~- + 8Br- + 3Hp0 (20) 

can be calculated satisfactorily from an expression equivalent to 
K El kz/3k4Kw2 (21) 

which is identical in form with Equation 15. 
This evidence proves as conclusively as is possible that there is only one 

rate-determining reaction in this path, and that Equations 18 and 19 rep- 
resent its rates in opposite directions far from equilibrium. The formulas 
of the bromine compounds involved in this rate-determining reaction are 
limited to the compositions Br20z and H2Br203. We have chosen both of 
these substances, rather than two isomers of one of them. On this basis 
the mechanism of Skrabal's reaction, 20, by this path, is as follows 

Relatively rapid equilibrium 3Br3- + 40H- Br202 + 7Br- + H,O (22) 
Rate-determining step Br2O2 + Hz0 ---f H~Br20a (23) 
Rapid follow reaction H2Br2Oa + 20H- = BrOs- + Br- + Hz0 (24) 

10 (a) Judson and Walker, J. Chem. Soc., 73, 410 (1898) ; (b) Skrabal and Weber- 
itsch, Monatsh., 36, 211-256 (1915); (c) Skrabal, 2. Elektrochem., 30, 109-124 (1924); 
(d) Bray and Davis, THIS JOURNAL, 52,1427-1435 (1930). 
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Similarly, the first stage in the fourth order reaction in acid solution is the 
relatively rapid equilibrium: 

BrOz- + Br- + 2H+ t- H2Bra0~ (25) 

which is the reverse of (24) and corresponds exactly with the iodine re- 
action (IOa). The rate-determining step in this path is the reverse of 
(23) ; but there is a forking a t  this stage, and some of the HsBrzOB changes 
to HBr02 + HBrO (cf. the preceding paragraph and Reaction 11). 

This close relationship with the corresponding iodine reactions is a 
striking result. The only difference is in the path with the single rate- 
determining step, and is shown, for example, by the presence of one more 
halide in aquilibrium 22 than in (3b). It seems justifiable t o  conclude 

B that the same transitions X~O,-~XZOZ--H~XZO~ actually occur in both cases. 
In the bromine reactions the step (23) is the slower, and Br302- may be 
assumed to be included in (22) ; while in the iodine reactions the a step 
(13b) is the slower, and the equilibrium Iz02 + HzO ,' H21203 may be 
assumed to be established relatively rapidly. 

The rather complicated argument in favor of the existence of both Hz1203 
and 1 2 0 2  may be restated as follows. Reasons were given for assuming an 
intermediate step in the fourth order iodate reaction. H21203 was chosen 
because i t  is directly related to both HI03 + HI and HI02 + HIO. Rea- 
soning by analogy, H2BrzO3 was assumed in the exactly similar fourth 
order bromate reaction. The single rate-determining step in the path 
between bromate-bromide and bromine was shown to involve a second 
intermediate compound of similar composition, and BrzOz was chosen. 
By analogy again, IzOZ was concluded to exist in the corresponding path 
between iodate-iodide and iodine. It is of interest to  note that, even if 
H21203 and H2Br203 are considered to be indefinite critical complexes, 
the reasoning is unchanged, and 1 2 0 %  and Br202 are still to be regarded as 
definite chemical compounds. 

A molecule of IaOz (or Brz02) contains 26 valence electrons, and in the 
simplest electronic formula corresponding to I001 or 0110 each of the four 
atoms has eight electrons associated with it. The formation of an addi- 
tion compound with I- or Hz0 presents no more difficulty than the forma- 
tion of Is- from I2 and I-; in all these cases a t  least one iodine atom must 
be associated with more than four pairs of valence electrons. Hz1203 is 
unsymmetrical, and is more closely related to H+ + 1 0 3 -  and H+ + I- 
than to HI02 and H I 0  (cf. the relative rates of Reactions 1Oa and ll). 
1302 - undoubtedly reacts very rapidly in acid solution with Hf and H20 
to form 3HIO (cf. 14a), and there seems to be no evidence that i t  is di- 
rectly related to iodine and iodite ion. 

The possibility that IzOz might form an addition compound also with 
iodine was considered. As a result the following mechanism is suggested for 
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the fifth order iodate reaction which is observed in the presence of tri-iodidey 
Relatively rapid equilibrium 1 0 3 -  + 11- + 2H+ - 1,01 + H80 (26) 
Rate-determining step 1 4 0 2  + 1- * 1309- + 1 2  (27) 

with rapid follow reactions as in (14). This mechanism is in agreement 
with the observation of Abel and Hilferdingl that tri-iodide has no effect 
on their fourth order reaction (at low iodide concentration) ; but an addi- 
tional assumption, that equilibrium in (27) is far to the right, seems neces- 
sary in order to explain why Skrabal found no trace of the reverse of (27) 
in his investigations.ll 

The value of any proposed mechanism must be judged by its usefulness, 
since a rigid proof is impossible. In the present instance Skrabal's pro- 
posals, with the extensions here presented, bring into close relationship the 
complicated reactions of iodine and of bromine with hydroxide ion and the 
reverse reactions in acid solution. It is hoped that the suggested or re- 
lated intemediate compounds will prove useful in future work. 

BERKELEY, CALIFORNIA 

NOTE 
The Atomic Weight of Chlorine. The Solubility of Silver Chloride.- 

We should like to call attention to the fact that Honigschmid and Chan,' 
in their recent work on the atomic weight of chlorine, have apparently 
neglected a rather important correction which affects the calculation of the 
C1:AgCl ratio. Regarding the silver chloride lost in nephelometric tests, 
in determining the C1:Ag ratio, the writers state: "Unter den Fallungs- 
bedingungen enthat die klare eisgekiihlte Anaiysenlosung bei 0' nur etwa 
0.05 mg. AgCl pro Liter. Da fiir jede Nephelometerprobe etwa 50 ~ m . ~ ,  
also in ganzen hochstens 150 ~ m . ~ ,  der Losung entnommen wurden, konote 
der durch die Probenahme bedingte Verlust an AgCl kaum mehr als 0.01 mg. 
betragen, war also bei der folgenden Wagung des Chlorsilbers zu vernach- 
Iassigen." 

Direct nephelometric measurements of the solubility of flocculent silver 
chloride in pure nitric acid show that the value accepted by Honigschmid 
and Chan as the solubility of silver chloride a t  0' in the saturated analytical 
liquid at the end-fioknt is entirely too low. Such measurements, made in 
this Laboratory in another connection, have yielded the following data. 

Temp., Motarity of AgCl 
OC. nitric acid per liter, g. 

0.5 0.00 0.00072 
.5 . l l  .OOO90 
.5 .24 .00100 
.5 .49 .00102 
.5 .99 .00105 

'1 Cf. Skrabal, Ref. 3a, p. 877. 
1 Hijnigschmid and Chan, 2. anorg. allgem. Chem., 163,315 (1927). 



Although Honigschmid and Chan do not state the concentrations of nitric 
acid in their analytical solutions, it seems reasonable to estimate that at  
least 0.001 g. of silver chloride per liter was withdrawn in the nephelometric 
test portions. It may be pointed out, moreover, that this is a minimum 
figure, because equilibrium is approached only slowfy when these solutions 
are allowed to stand in an ice-bath. In our measurements, equilibrium was 
approached from the low-temperature side after completely freezing the 
solutions. 

In order to estimate the error in the calculated atomic weight of chlorine 
resulting from the omission of the correction for silver chloride lost in 
nephelometric tests, we have recalculated the results of Honigschmid and 
Chan's final gravimetric series, assuming a correction of 4-0.00015 g. of 
silver chloride in each analysis. The corrected mean of the series, 35.456, 
differs only a little from the value 35.457 obtained by Honigschmid and 
Chan. However, since the correction affects only the gravimetric series, 
we can no longer regard the identical agreement of the gravimetric and 
nephelometric means, found by the above writers, as having any particular 
significance. Furthermore, the correction increases considerably the dis- 
crepancy in the results of the "complete synthesis" of the silver chloride. 
This can be seen from the total weights, in grams, corresponding to the 
eight completed experiments. 

C1 in vac. Ag in vac. CI + Ag AgCl in vac. Difference 

H,andC. 21.32439 64.88109 86.20548 86.20578 +0.00030 
Recalcd. 21.32439 64.88109 86.20548 86.20698 +O. 00150 

I t  should be emphasized that the correction in question depends upon the 
number of nephelometric tests, which in the above case was unusually small. 
I t  seems particularly worth while to call attention to the correction because, 
as far as we are able to determine, it has been overlooked in other recent 
work from the Munich laboratory. 

DEPARTMENT OP CHEMISTRY 
TRE RICE INSTITUTE 

HOUSTON, TEXAS 
RECEIVED JUNE 24, 1930 
PUBLISHED SRPTEMBBR 5, 1930 
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THE REACTION BETWEEN CITRONELLAL AND SOME 
ORGANOMAGNESIUM HALIDES 

Introduction 
A very good case has been made for the non-addition, under usual ex- 

perimental conditions, of organomagnesium halides to an ethylenic linkage. l 
There is, however, an apparent addition to such a linkage in compounds 
having the olefinic bond conjugated with another, and a different double 
bond, such as the carbonyl group in benzalacetophenone, CcH5CH=CH- 
COC6H5. Kohler and co-workers have demonstrated in an unequivocal 
manner that such conjugated systems can undergo 1,4-addition with the 
Grignard reagent. The enolic compound obtained subsequent to hydroly- 
sis of the 1,4-addition intermediate then rearranges to give as an ultimate 
product a compound which might have been interpreted (and was inter- 
preted incorrectly by earlier investigators) as involving direct addition 
to  the ethylenic linkage. 

The author of a recent book on organomagnesium  halide^,^ in empha- 
sizing the probability of direct addition to  an ethylenic linkage, directs 
attention to a study by Rupe3 on the purported addition of benzylmag- 
nesium chloride to the ethylenic linkage in citronellal and makes the pointed 
observation that in this compound "1,4-addition is absolutely excluded." 

The following reactions illustrate Rupe's interpretation of the mecha- 
nism of reaction. 

CHa CHs H 
I I I 

CHz=C-(CH~)~CHCHZC=O 4- C6HbCHsMgC1 --+ 
CHI CH3 H 

I I I 
CHz=C-(CH2)aCHCHzCOMgCl (I) 

I 
CHzCsHs 

CHs CHI H 
I I I 

CH~=C-(CH~)~CHCH~C-OM~CL + C6H&HZMgCI + 
I 

1 Gilman and Harris, Rec. trao. chim., 49, June, (1930). References to  earlier 
studies may be traced from this article. 

2 Courtot, "Le MagnCsium en Chimie Organique," published in 1926 by the 
author a t  Nancy (see pages 317 and 324). 

8 Rupe, Ann., 402, 161 (1914). The present controversy on the constitution of 
citronellal does not affect the discussion in our paper because neither the double bond in 
the methylene form nor the double bond in the isopropylidene form is conjugated with 
the carbonyl group. 
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CHa CHa H 
I I I 

CHzC(CHa)zCHCH,C-OMgCl (11) 
I I 

MgCl CH~GHS 
I 

CHzCeH6 
(A) 

It appeared highly improbable from our earlier studies1 that addition 
had occurred as postulated by Rupe in Reaction 11. The results of this 
study show that there has been no addition to the ethylenic linkage. This 
has been established by indirect methods. 

If addition had taken place in accordance with Reaction 11, then a new 
Grignard reagent should result. This organomagnesium chloride having 
the terminal group -CH2MgC1 would be expected to react essentially like 
other compounds having the -CMgX group, and on carbonation, for ex- 
ample, should give the corresponding carboxylic acid. 

CHa CHI H c& CH? H 
I I I (H20) 1 I I 

CHZC(CH~),CHCHZC--OMgCl f COa ---+ CHB-C-(CH~)~CHCH~C-OH (111) 
I \ I 

MgCl CHzC6Hs CH~CGH~, 
I \ 
COOH CHaCaHs 

I 
CHzCsH, 

(R) 

The absence of this carboxylic acid was established in a reaction involving 
citronella1 and three equivalents of benzylmagnesium chloride. This ex- 
cess of Grignard reagent left one equivalent of benzylmagnesium chloride 
over and above that required by Reactions I and 11. On carbonating the 
entire reaction mixture, the excess of benzylmagnesium chloride should be 
converted to the corresponding phenylacetic acid, CeH5CH2COO.H. If 
Reaction I1 took place, then subsequent to carbonation, hydrolysis and 
extraction with alkali a mixture of acid (B) (from Reaction 111) and phenyl- 
acetic acid should result. The only acid obtained, however, was pure 
phenylacetic acid. The purity of the acid was established by determina- 
tions of melting point, mixed melting point and neutralization equivalent. 
We also showed, in like manner, that phenylmagnesium bromide and n- 
butylmagnesium bromide did not add to the ethylenic linkage, although it 
should be stated that of the Grignard reagents studied by Rupe only 
benzylmagnesium chloride was said to have added to the ethylenic linkage.4 

Objections can be raised against this indirect proof. First, addition 
may have occurred a t  the ethylenic linkage, prior to addition t o  the car- 
bony1 group, and the aldehydo-Grignard reagent formed in this manner 
might then have undergone intramolecular reaction to give a cyclic sec- 
ondary alcohol. This is altogether unreasonable when one considers that  
aldehydes react almost instantly with Grignard  reagent^,^ and that  there is 

Rupe (Ref. 3, footnote on p. 161) has remarked that "benzylmagnesium chloride 
has a great tendency to l,2-addition to a double bond." No such tendency was noted 
in a comprehensive study by Gilman and McGlumphy, Rec. trav. chim., 47,418 (1928). 

Gilman, Heck and St. John, ibid., 49,212 (1930). Obviously aldehydes with high 
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not, up to the present time, any case of even a slow addition of RMgX 
compounds to a non-conjugated ethylenic linkage.6 Second, the acid (B) 
might actually have been formed in accordance with Reactions I1 and I11 
and yet not revealed itself in the alkali extraction because of intramolecular 
esterification to give a ten-membered lactone. This also is highly unlikely 
per se, and particularly under our experimental conditions, because the lac- 
tone even though formed quantitatively should have been hydrolyzed in 
part, a t  least, by the alkali treatment to give the acid (B). This acid might 
subsequently have been converted to lactone, in part. Either or both of 
these products should have revealed themselves as impurities in the phenyl- 
acetic acid, but the high purity of this acid belied admixture, in any sig- 
nificant quantity, of contaminating lactone or acid. 

Experimental Part 
A solution of 23.1 g. (0.15 mole) of citronellal in 50 cc. of ether was added dropwise 

to a well-stirred solution containing 0.45 mole of benzylmagnesium chloride in 250 cc. of 
ether. Stirring and gentle refluxing were continued for fifteen minutes after addition of 
the aldehyde. The reaction mixture was then carbonated in a customary 
poured into iced dilute sulfuric acid, and the ether layer separated, washed with water and 
extracted with 10% sodium hydroxide. The alkaline extract was washed with ether, 
acidified with hydrochloric acid, and the precipitate so obtained filtered, washed with a 
minimum of water and dried in the air. Its melting point and mixed melting point with 
phenylacetic acid were identical with that of phenylacetic acid. The neutralization 
equivalent was 137.1, and the calculated value for phenylacetic acid is 136.1. 

The reaction undoubtedly proceeded in accordance with that carried out by Rupe3 
because we also obtained the oil described by hi (the product from hydrolysis of com- 
pound (A) in Reaction 11) and its boiling point (244O/9 mm.) agreed with that deter- 
mined by him. We have not investigated the constitution of this compound. 

In a corresponding experiment with phenylmagnesium bromide the benzoic acid 
obtained melted at the correct melting point for this acid and showed no depression in a 
mixed melting point determination with an authentic specimen. The neutralization 
equivalent was 121.2, and the calculated equivalent for benzoic acid is 122. 

The n-valeric acid obtained from a similar reaction between citronellal and an ex- 
cess of n-butylmagnesium bromide had the following constants: b. p. 186 '; d:: 0.9362; 
np, 1.404; and its neutralization equivalent was 108.8 (calcd. 102.1). 

Summary 
Contrary to the interpretations of others, benzylmagnesium chloride 

does not add to the ethylenic linkage in citronellal. 
Ams, IOWA 

steric hindrance about the carbonyl group will react more slowly than aldehydes without 
such steric hindrance. 

6 An interesting case of 1,4-addition to a conjugated system that is part aliphatic and 
part aromatic has been described recently by Gilman, Ruby and Kinney, THIS JOURNAL, 
51, 2252 (1929). There is a somewhat remote possibility that even though there is no 
formal conjugated system in citronellal, there still might be addition to  a conjugated 
system resulting from the spatial contiguity of the aldehyde and eaylenic groups. 

Gilman and Parker, ibid., 46,2816 (1924). 
b 
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CHEMICAL STUDIES OM POLLEN AND POLLEN EXTRACTS 
I. DISTRIBUTION OF NITROGEN EXTRACTED BY 

VARIOUS SOLVENTS 
BY EDMOND E. MOORE AND MARJORIE B. MOORE 
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Whether one is inclined to accept or to reject the theory that pollen 
sensitization or allergy is an anaphylactic phenomenon due to one or more 
specific proteins of the pollen, it is evident that a careful chemical study of 
different pollens is desirable as a basis for further research which may 
lead to the isolation of the actual causative agent or agents. 

The literature yields only very limited information on the subject of 
pollen composition. As proteins are usually considered to be the offending 
agents in cases of allergy, it seemed desirable to begin such a study by 
determining the nitrogen extractable by various solvents. 

Heyl,lp2 Caulfeild, Cohen and Eadie,J Koessler4 and Csonka, Bernton 
and Jones5 have contributed valuable information on this subject. How- 
ever, because of the varying methods of attack the results of the different 
investigators do not agree. 

Certain definitions which have been made to fit the animal proteins cat- 
not be applied to vegetable proteins. This fact must be kept in mind by 
anyone who works with the proteins of pollen. In this work the purpose 
was to extract the pollen with different solvents in such a manner as to  
cause the least possible denaturation. No heat or concentrated solutions of 
electrolytes were used. The development by Koch and McMeekin6 of a 
satisfactory direct colorimetric micro-analysis for nitrogen has made it  
possible to determine nitrogen in pollen and pollen fractions with greater 
ease and accuracy than could be secured by any macro method. 

Por this work four pollens have been chosen; two representative of the 
type causing spring hay fever, timothy (Phleum pratense L.) and orchard 
grass (Dactylis glomerata L.) and two of the type causing autumnal hay fever, 
short ragweed (Ambrosia elatior L.) and giant ragweed (Ambrosia trifida L.). 

F. W. Heyl, "Analysis of Ragweed Pollen," THIS JOURNAL, 39, 1470-1476 (1917). 
F. W. Heyl, "Analysis of Ragweed Pollen," ibid., 41,670-685 (1919). 
A. H. W. Caulfeild, C. Cohen and G. S. Eadie, "The Antigenic Properties of 

Pollen Fractions," J. Immunology, 12, 153-175 (1926). 
* J. H. Koessler, "Studies on Pollen and Pollen Diseases. I. The Chemical 

Composition of Ragweed Pollen," J. Biol. Chem., 35, 415-434 (1918). 
F. A. Csonka, H. S. Bernton and D. B. Jones, "Proteins of Timothy and Orchard 

Grass Pollen and their Relation to Vernal Hay Fever," Proc. Soc. Ex#tl. Biol. Med.. 
23,14-16 (1925). 

F. C. Koch and T. L,. McMeekin, "A New Direct Nesslerization Micro-Kjeldahl 
Method and a Modification of the Nessler-Folin Reagent for Ammonia," TPIIS JOURNAL, 
4 4  2066-2069 (1924). 
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Small samples (i. e., two to four grams) of pollen were used. This obvi- 
ated the necessity of handling large volumes of solutions when exhaustive 
extraction was attempted. The nitrogen determination by the modified 
micro-Kjeldahl method of Koch and McMeekin6 permitted accurate esti- 
mation of the nitrogen in these solutions. 

Extractions were made of a t  least four samples of each pollen studied. 
Preliminary work had shown the amount of solvent necessary for prac- 
tically complete extraction with each extracting menstruum. 

All water used was redistilled from alkaline permanganate and tested 
for ammonia. 

Method 
An accurately weighed sample of dry pollen, usually two or four grams, was placed 

in a dry beaker. A suitable portion of ether was then added and mixed with the pollen 
sample. The mixture was filtered by suction through a hardened paper in a 4.5-cm. 
Biichner funnel. The residue was washed with a little ether and again carefully trans- 
ferred t o  the beaker to  be re-extracted. Previous work had shown that  it  was possible 
t o  determine the completeness of extraction by the color imparted by the residue t o  the 
fresh ether. The ragweed pollens required a greater number of ether extractions 
than did the grass pollens, the total volume of ether solution being for the ragweeds 
100 cc. and for the grasses 50 cc. 

The same method was used in carrying out the other extractions upon the ether- 
&tracted samples, the residue from filtration being transferred back to the beaker for 
mixing with fresh portions of the solvent. The volumes of each extract obtained, 
using four-gram samples, were: water, 250 cc.; salt solution (10% sodium chloride a t  
60 O), usually 100 cc. ; alcohol solution (75%), 100 cc. ; alkaline solution (0.2% sodium 
hydroxide), usually 100 cc. 

Nitrogen was determined on 5- or 10-cc. aliquots of each of these extracts and on 
weighed samples (preferably 20 t o  30 mg.) of the original dry pollen and of the residue 
which had been thoroughly washed with water to  remove alkali and dried in air and over 
sulfuric acid. In the case of the grass pollens, enormous swelling took place in the al- 
kaline solution and the residue finally obtained, even after repeated washings with 

NITROGEN DISTRIBUTION 

Giant Short 
Fraction ragweed ragweed 

Whole pollen 4.36 4.26 
(A) Ether-soluble 0 079 0.053 
(B) Water-soluble 1 31 1.315 

(1) Rptd. by dialysis 0 074 0.125 
(2) In filt. from dialysis .053 .094 

(C) Salt-soluble (10% NaCI) .48 ,354 
(1) Rptd. by dialysis .013 ,013 
(2) In filt. from dialysis .02 ,042 

(D) Alcohol-soluble (75% EtOH) ,345 .30 
(E) Alkali-soluble (0.2% NaOH) ,118 .I35 

(1) Rpt. by acid .065 .05 
(P) Residual N 1.98 2.18 

Total 4.31 4.34 

Orchard 
grass 

4.37 
0.005 
1.38 
0.021 

.031 

.23 

.016 
,021 
.029 
.26 
,053 

2.48 
4.38 

Timothy 

4.92  
0.003 
1.49 
0.173 

. I9  

.705 

.064 

.05 

.035 

.50 

.19 
1.89 
4.62 
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water, formed a hard cake on drying, probably due to incomplete removal of the alkali. 
The ragweed pollens gave residues which were easily powdered. 

Aliquots of 100 and 50 cc., respectively, of the water and of the salt extracts were 
used for dialysis. They were electrodialyzed under toluene in gold beaters' sacs a t  
about 2" for approximately a week. The distilled water outside the sacs was frequently 
changed. Carbon electrodes with a potential difference of 110 volts were used. I n  the 
case of the salt extract a preliminary dialysis was necessary in order to remove the excess 
sodium chloride before electrodialysis 

Precipitates were formed by electrodialysis of both water and salt extracts. These 
were separated from the solutions by centrifugation. Nitrogen was determined on these 
precipitates and on aliquots of the solutions. 

Table I and the figures give the results obtained. The values for nitro- 
gen are all calculated on the basis of the original dry pollen. 

n B c D L :  F 

m 

A 6 C D E  F 

Fig. 1.-Nitrogen extracted. I, Giant ragweed; 11, short rag- 
weed; 111, orchard grass; IV, timothy. A, by ether; B, by water; 
C, by sodium chloride solution; D, by ethyl alcohol solution; E, by 
sodium hydroxide solution; F, in residue. 

Discussion 

Only a very small amount of nitrogen was extracted by ether, and this is 
probably non-protein in nature. However, recent work by Milford7 

indicates that this fraction may be of allergic importance. Although by 
far the largest part of the nitrogen extractable by the solvents used appeared 
in the water solution, only a small percentage of this was non-dialyzable 
under the conditions of these experiments. This may be taken to mean 
that most of the nitrogen thus extracted is not protein nitrogen. It has 
been suggested that much of the nitrogen present in the pollen may occur 
in the form of water-soluble diffusible bases such as betaines. It is also 
conceivable that enzymes contained in the pollen may have been able to 
hydrolyze the proteins and change their nitrogen into a dialyzable form 

7 Edgar L. Milford, "Specific Studies in Allergy. I. The Specific Activity of 
Pollen Oil," J. Allergy, 1, 331-333 (1930). 
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during the prolonged dialysis. The former theory is supported by the 
results of H e ~ l , ~  who found the total coagulable protein plus material pre- 
cipitated by saturation with zinc sulfate to represent only a small portion of 
the nitrogen extractable by water. It might be assumed that the action of 
enzymes mould be greatly retarded by the low temperature and the toluene 
used in the dialysis. However, because of the large number of enzymes 
found in pollen (Paton8) and because of the small amount of investigation 
that has been done on them, it would seem unwise to make any assumptions 
as to their action. 

n D G u e  

Fig. 2.-Total solids extracted. 1, Giant ragweed; 2, short rcg- 
weed; 3, orchard grass; 4, timothy. A, By ether; B, by water; 
CDE, by sodium chloride, ethyl alcohol and sodium hydroxide; F, 
in residue. 

It is of interest to note that in every case about one-half of the non- 
dialyzable nitrogen of the water extract is precipitated by dialysis. This 
behavior would not be expected if the water extract contains only albumin 
and proteose, as is generally assumed. On the basis of Osborne's

g 
defini- 

tion, this precipitable material should be classified as a globulin. It might 
be postulated that the albumin has been denatured by continued contact 
with pure water, but i t  seems more logical in the present state of our 
knowledge to assume that most of the globulin present can be extracted by 
redistilled water with the aid of salts present in the pollen itself. 

The nitrogen extracted by salt solution (10% NaC1) is small in amount 
and a considerable portion of it is dialyzable. The same argument as to  

Julia B. Paton, "'Enzymes of Pollen," Proc. Sac. Exptl. Biol. Med., 17, 60-61 
(1919). 

Thos. B. Osborne, "The Vegetable Proteins," Longmans, Green and Company, 
New York, 1924, p. 18. 
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whether or not this is due to enzyme action applies here as in the water 
extract. The precipitate may be safely classified as globulin. The frac- 
tions soluble in water and diluted salt solutions are generally conceded to  
be the most i~nportant ones as causative agents in allergic conditions. 

The alcohol solution (75% I3tOH) extracts a small amount of nitrogen. 
No further work was done on this fraction to determine whether this nitro- 
gen is protein in nature. Clinical studies by various investigators have 
shown some allergic activity in the alcohol-soluble material from pollens. 

A further small amount of nitrogen is extracted by dilute alkali (0.2% 
NaOH) of which approximately half is precipitated by acidification of 
the extract. This precipitated material is probably a glutelin, and its 
importance as a factor in allergy is doubtful. 

Approximately half of the nitrogen originally present in the pollen re- 
mains in the residue after extraction with all the above solvents. I t s  nature 
is not known but as i t  appears highly probable that the toxic agent in 
allergic conditions is one easily extracted by body fluids, i t  may be assumed 
that this nitrogen is not of clinical importance. 

The allergic proherties of the various fractions are being studied. NO 

significant difference was found in the amount of nitrogen extracted from 
different pollens by the solvents used. 

A difference between the ragweed arid grass pollens is shown in the 
quantities of material extracted by ether and by water. Table I1 shows the 
total solids extracted by ether and by water, and the weight of material 
left after extraction by all of the solvents mentioned above. These per- 
centages are calculated on the basis of the original dry pollen. 

Ether-soluble 
Water-soluble 
Residual 

TABLE I1 

TOTAL SOLIDS 
Giant Short Orchsrd 

ragweed ragweed grass Timothy 

15.4 11.1 1 9  1 6  
20.7 22.9 42 .5  47 .0  
46.3 49.8 49 6 42 .7  

Soluble in 10% NaCl, 75% EtOH and \ 17.6 16.2 6 .  8 ,  
0.2% NaOH (by difference) i 

Summary 

Pollens of giant ragweed (Ambrosia trifida L.), short ragweed (Ambrosia 
elatior L.), timothy (Phleum pratense L.) and orchard grass (Dactylis 
glornerata L.) were exhaustively extracted with ether, water, salt solution, 
alcohol and alkali in the order named. Nitrogen was determined on each 
of these extracts and on the original pollen and the residue. 

The water and salt solution extracts were dialyzed. In both dialyses a 
precipitate was thrown down. Nitrogen was determined in the precipitate 
and in the filtrate which remained in the dialyzing sac. 
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The total materials extracted by the ether and by the water were de- 
termined as well as the amount of residue remaining. The quantity of 
material extracted by the combined salt, alcohol and alkali extractions 
was calculated by difference. 

The similarity between the two grass pollens and between the two rag- 
weed pollens is very marked. The grass pollens swelled greatly in alkali 
while the ragweed pollens did not. The ragweed pollens contain much 
more ether-soluble material, but only approximately half as much material 
extractable by water. 

The differences in nitrogen content in the similar fractions of the different 
pollens do not appear to be significant. About half of the nitrogen was 
not extractable by the solvents used. 

The results on the water extracts indicate that most of the nitrogen 
extracted by this solvent is non-protein. It also appears that the water 
extract contains globulin. 

INDIANAPOLIS, INDIANA 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE IJNIVERSITY OF ILLINOIS] 

THE EFFECT OF SUBSTITUENTS UPON THE REARRANGEMENT 
OF BENZOPINACOL 

The relative migratory tendencies of organic radicals have often been 
determined by means of molecular rearrangements. Any rearrangement 
in which two groups occupy identical positions and are equally free to  
move might theoretically be used for this purpose, but if the two groups 
are nearly equal in migratory tendency, each will migrate to  some extent, 
and a mixture of two isomeric products will be formed. The separation 
of these, or a determination of the relative amounts in which they are 
present, is often difficult. In the case of the pinacol rearrangement, 
however, each of the two pinacolones which are formed may be split by 
the action of alcoholic potassium hydroxide into a hydrocarbon and the 
potassium salt of an acid. These acids are often readily separated. 

Thus Montagne has determined the relative migratory tendencies of 
the p-chlorophenyl and phenyl groups1 and the p-bromophenyl and 

~ontagne; Rec. trav. chim., 26,253 (1907). 
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phenyl g r o ~ p s , ~  separating the substituted and unsubstituted acids by the 
difference in their solubilities. In like manner Gomberg and Bachmann" 
compared the p-biphenyl and phenyl groups, and Goniberg and Bailar4 

have compared the p-biphenyl group with the, m- and p-bromophenyl 
groups, separating the acids by the dserence in the solubility of the 
barium salts. 

But in many cases a quantitative separation of the acids or their salts 
is a long and tedious process. The comparisons reported in this article 
have been made possible by the use of a method which depends upon the 
determination of the equivalent weight of the mixture of the acids formed 
from the pinacolones. Knowing this, and the equivalent weight of the 
two acids which might possibly be present, it is easy to calculate the per- 
centage composition of the mixture, and from this the relative migratory 
tendencies of the two groups. The equivalent weight of the mixture 
is determined by titration of a weighed sample with a standard base. 
The method is not an extremely accurate one, but repeated and careful 
experiments have shown that the composition of the mixture can be 
calculated within 5%, even when the two acids are as similar as benzoic 
and toluic acids. 

Experimental 

During the course of this investigation ten symmetrically substituted 
benzopinacols have been subjected to rearrangement. None of these 
pinacols has been described in the literature. Table I gives the formulas, 
melting points and analytical data for these, and also ratios indicating - - 

the comparative migratory tendencies of the various groups. 
The 4,4'-dimethoxy-di-a-naphthyl pinacol was prepared by the action of cw-naph- 

thylmagnesium bromide upon anisil; the sym.-2,2'- and 3,3'-dimethoxybenzopinacols 
by reduction of the corresponding ketones by zinc and acetic acid. In the course of 
preparation of 3-methoxybenzophenone two compounds not previously described were 
obtained. 3-Methoxybenzoic acid was converted through the chloride into the amide, 
and thus into the cyanide. This, by treatment with phenylmagnesium bromide, gave 
the ketone in good yield. 

Amide.-White crystals melting a t  130'. Anal. Calcd. for C8HoOZN : C, 63.54; 
H, 6.00. Found: C, 63.79; H, 6.11. 

Cyanide.-Colorless liquid boiling at 140' a t  34 mm. pressure. Anal. Calcd. 
for C,H70N: C, 72.14; H, 5.30. Found: C, 71.97; H, 5.15. 

All of the other pinacols were prepared from the corresponding ketones by the 
method of Gomberg and Bachmann.' In every case the yield of crude pinacol was 
practically quantitative; in some cases large losses were incurred during the process of 
purification. Bachmann and Shankland have previously encountered this difficulty.& 

Two of the ketones used were not known previously. 4-Isopropylbenzophenone 

Montagne, Rec. true. chim., 29, 154 (1910). 
3 Gomberg and Bachmann, THIS JOURNAL, 49, 236 (1927). 

Gomberg and Bailar, ibid., 51, 2236 (1929). 
Bachmann and Shankland, ibid., 51,306 (1929). 



Formula 

TABLE I 
CONSTANTS AND ANALYTICAL DATA 

M. p., OC. Calcd. Found Ratio of migratory tendencies 

156 C, 85.23 85.09 No rearrangement 
H ,  6.65 6.51 
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was obtained by the reaction of benzoyl chloride and is~prop~lbenzene; yield, 75%. 
The best yield is obtained when a large excess of isopropylbenzene is used. The ketone 
is a colorless liquid which does not crystallize a t  -10'; b. p. 197' a t  10 mm. 

Anal. Calcd. for Cl6HleO: C, 85.66; H, 7.19. Found: C, 85.44; H,  7.1.5. 
4-Methyl-4'-ethylbenzophenone resulted from the reaction of toluyl chloride an$ 

ethylbenzene; yield, 70%. The ketone did not crystallize; b. p. 215O a t  10 mm. 

Anal. Calcd. for CleHlaO: C, 85.66; H,  7.19. Found: C, 85.49; H,  7.05. 

The determination of the migratory tendencies was made as follows. A 3-g. 
sample of pure pinacol was subjected t o  rearrangement by boiling with 30 cc. of glacial 
acetic acid and a small crystal of iodine for one hour. The solution was poured into 
400 cc. of water containing a pinch of sodium bisulfite to  remove the iodine. The white 
precipitate of pinacolone was separated from the liquid by filtration, washed with water 
and allowed to dry, after which i t  was boiled with 1 g. of potassium hydroxide in 50 
cc. of absolute alcohol for twelve hours. (Two or three hours' boiling suffices t o  split 
some pinacolones, but not all of them.) Sometimes the solution turned brown during 
this boiling; in such cases, the results of the experiments were never concordant, and 
were discarded. The alcoholic solution was poured into water and evaporated until the 
precipitate had coagulated. This was then filtered off and the filtrate, which contained 
the potassium salts of the acids, was extracted with ether in order t o  remove any re- 
maining traces of foreign organic matter. Upon acidification of the solution, the acids 
precipitated, and were extracted with ether. The extract was dried over anhydrous 
sodium sulfate, filtered and allowed t o  evaporate. The residue was weighed and after 
being dissolved in alcohol, was titrated with standard sodium hydroxide. The results 
obtained in the three experiments which were carried out with 4,4'-di-isopropylbenzo- 
pinacol are shown in Table 11. The average of the three values obtained for the ratio 
of the migratory tendencies of the substituted and unsubstituted groups is 8.9:l. In  
Table I this is recorded as 9:l;  similarly in other cases, realizing that  the method is not 
one of extreme accuracy, we have taken approximate, simple ratios. The approximation 
did not require as great a change in any other cases as in this one. 

Weight Mole 
Weight Cc. 01 It'quivalent percentage percentage 

of mixed 0.1852 A' weight of benzoic of benzoic Migratory 
acids NaOFI of mixture acid acid tendency 

In  the case of 4,4'-di-isopropylbenzopinacol one of the pinacolones was formed in so 
much greater quantity than the other that  separation of the two was easy. Three 
recrystallizations from glacial acetic acid gave pure benzoyl-4,4'-di-isopropyltriphenyl- 
methane; m. p. 1404 

Anal. Calcd. for Ca?.H320 : C, 88.52 ; H, 7.67. Pound : C, 88.72; H,  7.47. 

This pinacolone, heated with alcoholic potassium hydroxide, gave a quantitative 
yield of 4,4'-di-isopropyltriphenylmethane. This hydrocarbon resisted all attempts a t  
crystallization. In an ice-salt mixture it  solidified to  a glassy mass. 

Anal. Calcd.forC26H28: C,91.40; H,8.60. Found: C,91.61; H,8.77. 

Two of the pinacols-those in which the methyl and methoxy groups occupy the 
ortho-positionsdid not rearrange upon boiling for one hour with glacial acetic acid and 
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iodine. Even four hours' boiling had no effect. Heating for two hours with glacial 
acetic acid and acetyl chloride (a method often used to effect the rearrangement of 
pinacols) produced no change-- longer heating decomposed the piuacols to  a sticky mass 
of unidentifiable products. 

Discussion 
Thorner arid Acree-avc reported that in the rearrangement of syw?.- 

4,4'-dimethylbenzopinacol only the substituted group moves. This 
indicates that the 9-tolyl group has such a large migratory tendency in 
comparison with that of the phenyl group that no definite comparisorl 
can be made between the two. It should be possible to assign a definite 
value to the migratory tendency of the p-tolyl group by cornparing i t  
with some other group of large, but known, migratory tendency. Such 
is the p-biphenyl group, which Gomberg and Bachmann3 have shown 
to have a migratory tendency 12.5 times as great as that of the phenyl 
group. 'The rearrangement of symmetrical 4,4',4'f,4'"-dimethyldiphenyl- 
benzopinacol shows the p-tolyl and p-biphenyl groups to have approxi- 
mately equal migratory tendencies (Table I). In making this determina- 
tion we not only determined the equivalent weight of the mixed acids, 
as outlined above, but we separated the two acids by dissolving the toIuic 
acid out of the mixture with boiling water, in which p-phenylbenzoic 
acid is insoluble. The two methods gave the same result. The relation 
between the migratory tendencies of the p-tolyl group and the phenyl 
group has been confirmed by another indirect comparison. The substitu- 
tion of an ethyl group increases the migratory tendency of the phenyl 
group five-fold; the rearrangement of symmetrical 4,4',4",4'"-dimethyl- 
diethylbenzopinacol shows that a methyl group in the para-position has 
three times the effect of an ethyl group. Prom this i t  may be inferred 
that the p-tolyl radical has a migratory tendency approximately fifteen 
times as great as the phenyl. A direct comparison of the two is difficult 
because of the great similarity in their properties and equivalent weights. 

The substitution of a methyl radical in the meta-position decreases 
the migratory tendency of the phenyl radical somewhat; if the substitution 
is made in the ortho-position, the migratory tendency becomes very 
small indeed. Not only does the substituted group fail to  migrate- 
it prevents the migration of the unsubstituted group as well. Such a 
result was not wholly unexpected-Koopa17 has reported that benzo- 
pinacol in which a chlorine or bromine atom has been substituted in the 
ortho-position rearranges only very slowly-when rearrangement does 
take place, it is due entirely to the migration of the unsubstituted group. 
According to I,agrave8 this inhibition of the rearrangement can be ex- 

6 Thorner, Ber., 9, 482, 1738 (1876); Ann., 189, 110 (1877); Acree, Am. Chem. J., 
33, 190 (1905). 

Koopal, Rec. trav. chim., 34, 134 (1915). 
"agrave, Ann. chim., [ lo]  8,363 (1927). 
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plained in the following way. Upon rearrangement of a pinacol, one or 
the other of the radicals attached to one of the central carbon atoms 

R 1 
(C 2) migrates to the other central carbon atom (C I), but 
if C 1 is already holding groups of large affinity capacity, R.)F-~ I 'R' it will be unable to accept another group. Such is the case 

OH OH 
here; the o-tolyl group absorbs so much of the energy of 

C 1 that very little is left to attract another group from C 2. Hence no 
rearrangement takes place. 

Tiffeneau and Orekhoff
g 

have shown that the 9-anisyl radical migrates 
exclusively in the rearrangement of 4,4'-dimethoxybenzopinacol. As is 
shown in Table I, the m-anisyl radical has but one-fifth of the migratory 
tendency of the unsubstituted phenyl group, and the presence of the 
methoxy group in the ortho position prevents any rearrangement. The 
p-anisyl group has twice the migratory tendency of the a-naphthyl group, 
which in turn is somewhat larger than that of the p-tolyl group. The 
ratio of the migratory tendencies of the P-anisyl and phenyl groups is, 
therefore, in the neighborhood of 40 : 1. 

It will be noticed that the p-anisyl group has a much greater tendency 
to  migrate than the m-anisyl, which, however, is still more prone to mi- 
grate than the o-anisyl. The same is true, though less marked, if the 
substituent is the methyl radical instead of the methoxy. It is apparently 
true also when the substituent is either a chlorine or a bromine atom.'" 

The p-isopropylphenyl group has nine times the migratory tendency of 
the unsubstituted phenyl radical. Thus the effect of the 9-isopropyl group 
is not as large as that of the P-methyl, but is much larger than that of the 
p-ethyl. Whether this peculiarity be due to the branching of the chain, or 
t o  some other factor, cannot be stated without further experimentation. 

From the results of this investigation and those of previous workers, 
the migratory tendencies of various aromatic radicals may be arranged 
in the following series: (the migratory tendency of the phenyl radical 
has been chosen as unity) p-anisyl, about 40; a-naphthyl, about 18; 
9-tolyl, 12-15; p-biphen~l,~ 12.5; p-isopropylphenyl, 9; 9-ethylphenyl, 
5; p-fl~orophenyl,~ 1.86; p-i~dophenyl,~ 1 ; phenyl, 1 ; 9-bromophenyl,' 
0.75; p-chloropheny1,l 0.66; m-tolyl, 0.6; m-anisyl, 0.2; o- and nz- 
bromophenyl, o- and wz-chloropheny17; o-tolyl, o-anisyl, very small. 
It is known also that the P-naphthyl group has a much larger migratory 
tendency than the phenyl group,5 but just how much larger has not been 
determined. 

Summary 

1. Ten aromatic pinacols have been subjected to rearrangement, and the 
relative effect of various substituents in the phenyl group has been noted. 

Tiffeneau and Orekhoff, Bull. soc. chim., 37, 430 (1925). 
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2. The various groups have been arranged in order of their migratory 
tendencies. Definite values have been assigned when possible. 

3. m-Methoxy cyanobenzene, m-methoxybenzatnide, benzoyl-4,4' - 
di-isopropyltriphenylmethane, and 4,4'-&-isopr~p~ltriphen~lmethane liave 
been described, in addition to the ten pinacols, none of which has pre- 
viously been reported in the literature. 

URBANA, ILLINOIS 
.- 

[CONTRIBUTION FROM THE INSECTICIDE DIVISIUN, BUREAU OP CN~MISTRY AND SOII.~]  

ROTENONE. VIII. ISOMERIC HYDROXY ACIDS AND THEIR 
RELATION TO DEHYDROROTENONE 

BY F. B.  LAFORGE AND L .  E. SMITH 

R B C R I V E ~  MAY 14, 1930 P l ~ e ~ , ~ s e E n  SEPTEMBER 5 ,  1930 

Rotenone is converted by a number of oxidizing agents into dehydro- 
rotenone, with the loss of two hydrogen atoms. In  a recent article, 
Butenandt has shown that a double bond is formed in this pr0cess.l 
Although this new double bond cannot be reduced by catalytic hydro- 
genation, its presence in dehydrorotenone can be demonstrated by the 
reaction of D i e l ~ , ~  which involves a condensation of a conjugated system 
with maleic anhydride. It has also been demonstrated that the optically 
active tubaic acid obtained by cleavage of rotenone with alcoholic po- 
tassium hydroxide is converted into inactive rotenic acid under the same 
conditions by which rotenone is converted into isorotenone and that iso- 
rotenone yields rotenic acid by cleavage with alcoholic potassium hydrox- 
ide.1,3 I t  follows from these facts with a fair degree of certainty that 
the isomerism between rotenone and isorotenone is due to the same cause 
as the isomerism between tubaic and rotenic acids. The change involved 
may be illustrated by the tentative formulas I and 11. In these formulas 
the positions of attachment of the side chain, as well as that of the hydroxyl 
arid carboxyl groups not shown in the figures are as yet ~ndetermined.~ 

I. Tubaic acid 11. Rotenic acid 

Since an asymmetric center disappears in this process and since iso- 
rotenone is optically active, Butenandt infers that this compound still 
contains one or more asymmetric carbon atoms in the other half of the 
molecule, about which little was known to hini at the time. 

1 Butenandt and Hildebrandt, Ann., 477,245 (1929). 
2 Diels and Adler, ibkd., 460, 102 (1928). 

Takei, BEI.,  63, 508 (1930); Haller and LaForge, THIS JOURNAL, 52,2480 (1930). 
* Haller and LaForge, ibid., 52, 3207 (1930). 
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Cehydroisorotenone described by Butenandt and by us6 is optically 
inactive whether prepared from isorotenclae by the action of iodine and 
potassium acetate or by the conversion of dehydrorotenone into its isomer 
by sulfuric acid. I t  follows from this, as Butenandt has pointed out, 
that an asymmetric center has disappeared in the formation of the dehydro 
derivatives. 

This theory seemed to be in agreement with the principal facts observed 
by us regarding the mechanism of the formation of the dehydro com- 
p o u n d ~ . ~  

We have described an intermediary product, rotenolone, isolated from 
the reaction mixture obtained when iodine and potassium acetate react 
on r ~ t e n o n e . ~  Rotenolone is an hydroxy rotenone and is easily converted 
into dehydrorotenone by elimination of water. 

Dehydrorotenone is converted into a dihydroxy monobasic acid by 
the action of alcoholic potassium hydroxide, a reaction which is assumed 
to involve the addition of one molecule of water to the new double bond 
characteristic of the dehydro derivatives and another molecule of water 
to the lactone group ta form the acid radical. 

The resulting acid most likely contains lone of the following groupings 

Po\ 
-COH 

Po\ 
-CH 

FO\ 
HiCOH 

F-9 
CHz 

I 
CHz 

I 
HCOH 

I 
--CH 

I 
-COH 

'COOH \COOH \COOH \COOH 
I11 IV v VI 

Dehydrorotenone is converted by catalytic hydrogenation into de- 
hydrodihydrorotenonic acid, which in turn is converted into an hydroxy 
acid which also contains the same grouping as the acid just referred to.6 
Both give derric acid con oxidation. 

In a previous article we have shown that this oxidation product, which 
represents the part of the rotenone mdllecule containing the methoxyl 
groups, in all probability is of the nature of a dimethoxy phenyl malic 
acid and would therefore contain one ccrf the groupings given above.? 
Rut since the carbonyl group in these groupings becomes a carboxyl 
group in derric acid, the possibilities are then limited to two combinations, 
since I11 and VI and I9F and V become identical. 

We have just pointed out the fact tkat the dehydro derivatives are 
formed from hydroxy derivatives of the rotenolone type by elimination 

LaForge and Smith, THIS JOURNAL, 52, 1094 (1930). 
We have designated acids of this type as dehydro hydroxy acids in previous 

articles because they were obtained from dehydrci compounds, but since it is now fairly 
certain that they correspond to rotenonic acid, the prefix "dehydro" has been discon- 
tinued. 

LaForge and Smith, THIS JOURNAL, 52, 2QL18 (1930). 
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of water. This reaction is easily brought about by boiling the hydroxyl 
derivative or the corresponding acetyl compounds with alcoholic sul- 
furic acid. This reaction does not take place in the case of denic acid or 
either of the hydroxy acids from which i t  is obtained. For this reason 
the position of the hydroxyl group in rotenolone cannot be the same as 
in these acids. 

If we assume that the hydroxy acids are formed by the addition of 
water to  dehydrodihydrorotenonic acid of possible formula indicated, 
i t  will be apparent that there are a number of possibilities, CO 
depending on whether the hydroxyl is added a t  position A \-c/(A>\ 
or B. If i t  is added a t  A, one asymmetric carbon atom arises, / PH 
if a t  B, two are formed, and the number of possible compounds / \ (B) 

COOH 
is multiplied by two, because the part of the molecule not in- 
volved in these changes already contains an asymmetric carbon atom. 
Because of the fact that derric acid and the two hydroxy acids which had' 
been prepared did not revert to dehydro compounds when treated with 
alcoholic sulfuric acid, we were inclined to another theory regarding the 
nature of the dehydro  compound^.^ 

We have, however, lately prepared two dihydrohydroxyrotenonic 
acids, isomeric with the one obtained by the action of alcoholic potassium 
hydroxide on dehydrodihydrorotenonic acid. These new acids are readily 
dehydrated by alcoholic sulfuric acid and give dehydrodihydrorotenonic 
acid. Because of these new facts i t  is now possible to bring our views 
into harmony with the theory of Butenandt. It is not possible to assign 
the position of the hydroxyl in any of the acids concerned but for con- 
venience we will designate those compounds which are easily dehydrated 
as belonging to the alpha, and those which cannot be dehydrated to the 
beta series. 

One of the two new alpha acids was prepared in two ways: by reducing 
rotenolone with hydrogen and platinum catalyst which yielded dihydro- 
rotenolonic acid together with dihydrorotenolone, or by catalytic reduction 
of acetylrotenolone to dihydro-acetylrotenolone and dihydro-acetylro- 
tenolonic acid. The latter is easily saponified to the hydroxy acid. 

The second acid was obtained by oxidation of rotenonic acid with 
hydrogen peroxide in alkaline solution. The products obtained were an 
hydroxyrotenonic acid of formula C23H2401 together with some of the 
corresponding dehydro acid of formula C23H2z06. The hydroxy acid is 
easily reduced by catalytic hydrogenation to the dihydro acid. Both of 
these isomeric dihydrohydroxy acids readily give dehydrodihydrorotenonic 
acid when treated with alcoholic sulfuric acid. From the acid (C23H2407) 

obtained directly from rotenonic acid, dehydrorotenonic acid was obtained 
for the first time, for i t  had not been possible to reduce the lactone ring 
in dehydrorotenone without reduction of the double bond so that dehydro- 
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dihydrorotenonic acid was always obtained. Dehydrorotenonic acid is 
readily hydrogenated to the dihydro derivative. 

We have also made some alkaline peroxide oxidations on two other 
rotenone derivatives with rather unexpected results. The acid of formula 
C23H2208 (dihydr~dehydr~h~dr~~yrotenononic acid), described by us in a 
previous communication, obtained by the action of strong alcoholic po- 
tassium hydroxide on dihydrorotenonone yielded no derric acid or corre- 
sponding methoxyl-containing compound but dihydrotubaic acid as the 
only crystalline reaction product. 

This fact is an additional proof that the reaction leading to the com- 
pounds of the rotenonone type do not take place in the part of the rotenone 
represented by tubaic acid, but in the other half of the molecule. 

We have expressed the view in a previous article5 that dihydrodehydro- 
hydroxyrotenononic acid was formed by the opening of a lactone ring and 
not as Butenandt believed by a benzilic acid rearrangement. We have 
been able to prove our theory to be correct by the fact that the acid easily 
reverts to  dihydrodehydrorotenonone by boiling in acetic acid solution. 

Dehydrodihydrorotenonic acid did not yield derric acid on oxidation 
with hydrogen peroxide but gave the acid of formula7 CllH1207 which 
we obtained from derric acid by permanganate oxidation. 

We have made numerous attempts to separate derric acid into its 
optically active components. Its brucine salt crystallizes well, but after 
four recrystallizations the derric acid from it  was still inactive. No 
other suitable alkaloid salts were obtained. 

p-Dihydrohydroxyrotenonic Acid.-One and eight-tenths grams of dehydrodi- 
hydrorotenonic acid5 was refluxed for four and one-half hours with 18 cc. of 15y0 po- 
tassium hydroxide, 54 cc. of ethyl alcohol and 3.6 g. of zinc powder. After removal of 
the  zinc by filtration, the solution was acidified with dilute hydrochloric acid, and 
water was added until i t  became turbid. The white crystalline compound so obtained 
was recrystallized from dilute ethyl alcohol. The yield was 1.5 g. The compound 
begins t o  darken a t  192' and melts a t  198O. 

Anal. Subs., 0.0727: CO2, 0.1779; H20,  0.0425. Calcd. for C23H2607: C, 66.67; 
H,6.27. Found: C,66.73; H,6.49. 

Oxidation of p-Dihydrohydroxyrotenonic Acid to Derric Acid.-One and a half 
grams of the acid was dissolved in 18 cc. of 5% potassium hydroxide and to the hot 
solution 5 cc. of 30% hydrogen peroxide was added in small portions. A small amount 
of tarry matter which formed was removed mechanically. After being boiled to  remove 
the excess of hydrogen peroxide the solution was cooled and acidified with dilute hydro- 
chloric acid and extracted with ether. The ether solution dried over sodium sulfate 
gave on evaporation derric acid in a yield of 0.25 g. It was recrystallized from ethyl 
acetate-n-butyl ether, and melted a t  170'. Mixed with derric acid it  melted a t  170". 

Acetyl a-Dihydrorotenolonic Acid (Acetyl a-Dihydrohydroxyrotenonic Acid).- 
Three grams of acetylrotenolone was reduced in ethyl acetate solution with 0.2 g. of 
platinum oxide catalyst. In  about thirty minutes 252 cc. OF hydrogen had been ab- 
sorbed, and the reaction stopped. The theoretical quantity of hydrogen corresponding 
t o  two molecules is calculated as 295 cc. The solution was diluted with ether and ex- 



Sept., 1930 ROTENONE. VIII 3607 

tracted with ice cold 2% aqueous potassium hydroxide solution The material insoluble 
in alkali was isolated by evaporation of the dried ether-ethyl acetate solution. I t  was 
recrystallized from methyl alcohol and melted a t  18gc. I t  was identical with acetyi- 
dihydrorotenolone obtained from dihydrorotenone by the iodine potassium acetate 
method. The yield was 0.5 g. The aqueous alkalme extract yielded 2 g, of acetyl- 
dihydrorotenolonic acid melting between 210 anrl 214' with decomposition. 

Anal. Subs., 0.0687: COz, 0.1668; Hz0, 0 0390. Calcd. for Cz~,H2~+08: C, 65.79; 
H, 6.14. Found: C, 66 21; H, 6 31. 

Dihydrorotenolonic Acid (a-Dihydrohydroxyrotenonic Acid).-This acid may be 
obtained either by saponification of acetyldihydrorotenolonic acid or by direct hydro- 
genation of rotenolone, and separation of the reaction mixture into neutral and acid 
fractions. By the last-mentioned method the yield of acid is small and hence the first 
procedure is to be preferred. Two grams of acetyldihydrorotenolonic acid was boiled 
for two hours with slightly more than the calculated quantity of half normal potassium 
hydroxide. The solution was acidified and the precipitated acid dissolved in ether. 
After drying and removal of the ether, a sirup was obtained which crystallized completely 
after seeding with crystals obtained by hydrogenation of rotenolone. The compound 
is extremely soluble in all reagents except water and petroleum ether. We have not 
succeeded in recrystallizing it. 

Acetyldihydrorotenolonic acid readily gives dehydrodihydrorotenonic acid when 
boiled for about an hour with 10 parts of 10yo alcoholic sulfuric acid and an  equal 
volume of hot water is added to it. Dehydrodihydrorotenonic acid was identified 
by its melting point, mixed melting point and an optical examination of the crystals. 
The crude dihydrorotenolonic acid, treated in the same manner, gives the same com- 
pound. 

Oxidation of Rotenonic Acid with Hydrogen Peroxide.-Two grams of rotenonic8 
acid is dissolved in 25 cc. of 5% potassium hydroxide and to the warm solution 30% 
hydrogen peroxide is added in small portions until a precipitate is produced. About 8 cc. 
is usually required. The reaction mixture is boiled for a few minutes and then cooled 
and saturated with carbon dioxide. A heavy precipitate is formed which is extracted 
with ether and the solution dried over sodium s ~ l f a t e . ~  The ether residue contains two 
compounds. It is dissolved in methyl alcohol from which a small quantity of a yellow 
compound crystallized on cooling. I t  melted a t  225'. The analysis agrees for dehydro- 
rotenonic acid. 

Anal. Subs., 0.0608: C02, 0.1551; H20, 0.0308. Calcd. for C23Hz206: C, 70.05; 
H,5.59. Found: C,69,57; H,5.61. 

When the methyl alcoholic mother liquor is diluted with water the second crystal- 
line compound is obtained which is recrystallized from dilute methyl alcohol. It melts 
at  137 ", and the yield is 0.25 g. The analysis shows it to be an hydroxyrotenonic acid. 
The compound was dried to constant weight a t  110' for analysis. 

Anal. Subs., 0.0681, 0.0741: COn, 0.1671, 0.1817; HsO, 0.0367, 0.0394. Subs., 
0.0187: AgI, 0.0215. Calcd. for C23H2407: C, 66.99; H, 5.82; 20CH3, 15.04. Found: 
C, 66.9, 66.87; H, 5.99, 5.90; 0CH3, 15.17. Subs., 0.0146: 0.375 cc. of N/10 KOH; 
mol. wt. calcd. 412; found, 390. 

Isomeric a-Dihydrohydroxyrotenonic Acid.-One-half gram of a-hydroxyrotenonic 
acid was reduced in ethyl acetate solution with 0.1 g. of platinum catalyst. The theo- 
retical volume of hydrogen for 1 molecule, 27 cc., was absorbed in a few minutes. The 

LaForge and Smith, THIS JOURNAL, 51, 2578 (1929). 
Most acids of the type of rotenolonic acid are insoluble in carbonates and are 

precipitated from alkaline solution by carbon dioxide. 
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solution was decanted from the platinum, evaporated to dryness and the substance re- 
crystallized from dilute ethyl alcohol. The compound sinters somewhat, probably due 
to  water or alcohol of crystallization, and melts a t  132'. For analysis it was dried to 
constant weight at 110 '. 

Anal. Subs., 0.0608: C02, 0.1474; H20, 0.0342. Calcd. for CzaHzsO?: C, 66.66; 
H,6.28. Found: C,66.11; H,6.25. 

Dehydrorotenonic Acid.-One gram of the hydroxyrotenonic acid was boiled for 
one and one-half hours with 10 cc. of 10yo alcoholic sulfuric acid. When 3 cc. of water 
was slowly added to the boiling solution, a small quantity of a compound crystallized 
out a t  once. The solution was refluxed for fifteen minutes, cooled and the precipitate 
was filtered off and recrystallized from benzene. I t  melts at 275O. The yield was 0.13 g. 

. This compound is stable to alkali. Further study is being made on this substance. 
The alcoholic mother liquors were diluted with water, and a yellow crystalline compound 
was obtained which was recrystallized from methyl alcohol. I t  melted a t  225-227'. 
When mixed with dehydrorotenonic acid obtained directly by the oxidation of rotenonic 
acid with hydrogen peroxide, the melting point showed no depression. 

Dehydrodiiydrorotenonic Acid from Dehydrorotenonic Acid.-Dehydrorotenonic 
acid was reduced in acetone solution with hydrogen with platinum catalyst in the usual 
manner. The theoretical amount of hydrogen for the 0.35 g. used, 20 cc., was absorbed 
in a few minutes. The solution was evaporated to dryness and the compound recrystal- 
lized from dilute ethyl alcohol. It melted a t  221'. Mixed with dehydrodihydroro- 
tenonic acid it melted a t  221 O. The two substances were compared optically by George L. 
Keenan of the Food, Drug and Insecticide Administration of the Department of Agri- 
culture, and found to be identical. 

"In ordinary light this material is of a sulfur-yellow color and consists of very 
fine needles. In parallel polarized light, crossed nicols, the extinction is straight and the 
sign of elongation negative. Nothing significant is shown in convergent polarized light 
with crossed nicols. The refractive indices are: -n, = 1.470 (commonly shown length- 
wise); np = 1.690; n ,  = 1.737 (commonly shown crosswise); all *0.003." 

Oxidation of Dihydrodihydroxyrotenononic Acid6 with Hydrogen Peroxide.-Two 
grams of the acid was dissolved in 30 cc. of 5% potassium hydroxide, and 8 cc. of 30y0 
hydrogen peroxide was added in small portions. After boiling for a few minutes the 
solution was cooled and made acid with dilute hydrochloric acid. A light yellow ma- 
terial crystallized out, which was recrystallized from dilute methyl alcohol. I t  melted 
a t  167". The yield was 0.3 g. The compound contains no methoxyl group. When 
mixed with dihydrotubaic acid of melting point 167", the melting point showed no de- 
pression. 

Oxidation of Dehydrodihydrorotenonic Acid with Hydrogen Peroxide.-One and 
three-tenths grams of acid was dissolved in 17 cc. of 5y0 potassium hydroxide solution, 
and 5 cc. of 30y0 hydrogen peroxide was added in small portions. After boiling for a 
few minutes the solution was filtered from a small precipitate and cooled. On acidifying 
with dilute hydrochloric acid, a crystalline material was obtained which was recrystal- 
lized from 95% ethyl alcohol. It melted a t  262' with decomposition. The yield was 
0.2 g. 

Anal. Subs., 0.0658: C02, 0.1247; H20, 0.0272. Calcd. for CI~HI~O?:  C, 51.56; 
H ,  4.68. Found: C, 51.68; H, 4.59. Subs., 0.0187: 1.55 cc. of N/10 KOH; mol. wt. 
calcd., 256; found, 241. 

The compound is identical with the acid obtained by the oxidation of derric acid. 
Dihydrorotenonone from Dehydrodihydrorotenononic Acid.-When dehydrodi- 

hydrorotenononic acid is boiled with glacial acetic acid for a few minutes the solution 
becomes very dark and on cooling, a yellow compound crystallizes out, melting a t  288". 
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The yield is about 25% of the theoretical. Mr. Keenan has found the compound to be 
optically identical with dihydrorotenonone. 

Anal. Subs., 0.0647: C02, 0.1605; H20, 0.0286. Calcd. for C Z ~ H ~ O G :  C, 67.61; 
H,493.  Found: C,67.66; H.4.89. 

Summary 

Dehydrodihydrorotenonic acid is formed by catalytic reduction of 
dehydrorotenone. It is also produced by dehydration of a-hydroxy- 
rotenonic acids by alcoholic sulfuric acid. Two isomeric alpha acids 
were prepared. 

Dehydrodihydrorotenone adds water when boiled with alcoholic po- 
tassium hydroxide to form @-hydroxyrotenonic acid which cannot be 
dehydrated but yields an ester when treated with alcoholic sulfuric acid. 
13-Hydroxyrotenonic acid yields derric acid on peroxide oxidation. 

Dehydrodihydrorotenonic acid yielded no derric acid but its oxidation 
product of formula CllH1207. By the same treatment dihydrodehydro- 
hydroxyrotenononic acid gave dihydrotubaic acid. 

Attempts to separate derric acid into optical isomers were unsuccessful. 
The reactions involved are illustrated in the table. 

Rotenone I+ Dehydrorotenone Acetylrotenolone Hz Acetylrotenonolic Acid 
Cz3HzzOs - Cz3Hza06 + C26Hz40s --+ C26Hza08 

CHXOOK 
2 ~ 2 J  KOHL 

Rotenonic Bcid ~eh~drodih~drorotenonic Acid H&04 + ~otenoldnic Acid 
Cz3HzaO~ +----- (a-Isohydroxyrotenonic 

Acid) 

8-Hydroxyrotenonic Acid 
C23Hze.07 

H Z S O ~ +  CeHsOH 
a-Hydroxyrotenonic Acid a-~ydrdxydihydro- 

Cz3H2407 rotenonic Acid 
HZ C23H2607 

6-~~dro&otenonic Acid 
ethyl ester 

C26H3007 
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[CONTRIBUTION PROM THE EXPERIMENTAL RESEARCH LABORATORIES, BURROUGHS 

WELLCOME AND COMPANY] 

1,Z-DIHYDROPAPAVERINE AND MODIFIED SYNTHESES OF 
PAPAVERINE AND PAPAVERALDINE (XANTHALINE) 

A number of investigations have been carried out on the reduction prod- 
ucts of papaverine, but 1,2-dihydropapaverine or 6,7,3',4'-tetramethoxy- 
1,2-dihydroprotopapaverinel (IV) has not been previously isolated. 
Pyman2 described a compound of the same empirical formula, which he 
supposed to have the structure of the 1,2-derivative. Later3 he modified 
this view on the basis of exhaustive methylation experiments, and assigned 
to i t  the structure (VIII), naming it Pavine. 

The writer has obtained 1.2-dihydropapaverine by a rigid method and 
has established the structure. Homoveratroyl-w-amino-acetoveratrone 
(I), prepared from homoveratroyl chloride and o-amino-acetoveratrone, 
was cyclized by means of phosphorus oxychloride, yielding 6,7,3',4'-tetra- 
methoxy-4-keto-3,4-dihydroprotopapaverine (11). This compound on 
reduction gave 6,7,3',4'-tetramethoxy-4-hydroxy-1,2,3,4-tetrahydroproto- 
papaverine (111), which on appropriate treatment lost the elements of 
water, 1,2-dihydropapaverine being formed (IV). The structure was 
established by its smooth reduction (catalytic) to the known tetrahydro- 
papaverine2 (VII), by its dehydrogenation to papaverine (IX) and by its 
oxidation to 6,7,3',4'-tetramethoxy-9-keto-1,2-dihydroprotopapaverine 
(V), which in turn is readily converted into papaveraldine (VI) or 6,7,3',4'- 
tetramethoxy-9-keto-protopapaverine. Papaveraldine is identical with 
the naturally-occurring alkaloid   ant ha line.^ 

The dehydration of (111) to 1,2-dihydropapaverine was carried out by 
means of phosphorus pentachloride in cold chloroform solution. When 
heating with phosphorus pentoxide or oxychloride in toluene was em- 
ployed, only the oxidized product (V) was isolated. The same product was 
also formed by air oxidation of solutions of 1,2-dihydropapaverine exactly 
as with 6,7,3',4'-tetramethoxy-3,4-dihydroprotopapa~erine.~ The parallel 
is even closer, as 1,2-dihydropapaverine behaves exactly like the latter 
compound (3,4-dihydropapaverine) when heated with methyl alcoholic 
potash, both giving papaveraldine (VI) . 

It was hoped to obtain interesting derivatives from the compounds (11) 
The nomenclature of Buck, Perkin and Stevens, J. Chem. Soc., 127, 1462 (1925). 

is used except where well-established names exist. 
* Pyman, zbzd., 95, 1610 (1909). 
a Pyman and Reynolds, ibid., 97, 1320 (1910); Pyman, zbzd., 107, 176 (1915). 

Dobson and Perkin, zbid., 99, 135 (1911). 
5 Buck, Haworth and Perkin, ibid. ,  125, 2176 (1924). 
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and (111) but they proved to be disappointingly inert. No derivatives of 
the carbonyl or hydroxyl groups were isolated, and the basic properties are 
so suppressed that the bases form no well-defined salts. Indeed (111) may 
be recrystallized unchanged from fairly strong hydrochloric acid. 

1,2-Dihydropapaverine is conspicuous by its ready oxidizability in air, 
when in solution, and by its very insoluble perchlorate. But for this salt 
it is doubtful whether 1,2-dihydropapaverine could have been isolated in 
the pure state. 

It will be seen that the isolation of papaverine and papaveraldine (xantha- 
line) in the above series of reactions constitutes new syntheses of these 
substances. 

c l 1 3 0 ~ ~ ~ 7 H 2  -4 I 'oc l~  CHiO / CO \CH, H CHiO 

CHaO /NR C H 3 0 ~ C y A  * CHaO 

v 

OCHa 

'CH 

I I I 
CHn 

IX o:CHa OCHI 

OCHa OCHB OCHa 

Experimental 
Hornoveratroyl-w-amino-acetoveratrone (I) was prepared from homoveratroyl 

chloride and w-amino-acetoveratrone and was found to be identical with the product of 
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Pictet and Garns.O In preparing homoveratric acid7 it is advantageous to carry out the 
oxidation of dimethoxyphenylpyruvic acid with 10% or stronger hydrogen peroxide in 
the presence of ice, and to recrystallize the acid from benzene. 

6,7,3',4'-Tetramethoxy-4-keto-3,4-dihydroprotopapavere (II).--Twenty grams of 
homoveratroyl-w-amino-acetoveratrone, 40 cc. of phosphorus oxychloride and 100 cc. 
of toluene were boiled for forty-five minutes, cooled and petroleum ether added until no 
more oil separated. The supernatant liquor was decanted, the oil dissolved in alcohol 
and sodium hydroxide solution added until the mixture was strongly alkaline. The 
product separated as an oil and soon solidified; yield almost theoretical. Recrystallized 
from alcohol the compound forms a white felted mass of slender needles, slightly soluble 
in cold alcohol and moderately soluble in hot. It is insoluble in water, but readily 
soluble in cold benzene; m. p. 116-117" (uncorr.). The solution in hydrochloric acid 
is pale yellow and the solution in chloroform has a marked bluish fluorescence. 

With cold concentrated sulfuric acid the solid turns bright blue and gives a blue 
solution which becomes intensely violet on heating. A crystal of potassium nitrate 
added to  the cold solution gives a deep claret color, changing to crimson. Luchini's 
reagent gives an orange-brown color, changing to greenish-black, Wenzell's reagent. 
transient violet, becoming golden: Erdmann's reagent, intense red; Mandelin's reagent, 
golden brown, greenish on heating: Friihde's reagent, violet, blue on heating. 

It was diflicult to obtain concordant analyses on this compound, micro-analyses 
being usually high and macro-analyses usually low. 

Anal. Calcd. for CnaHuOdV: C, 67.54; H, 5.67; N, 3.94; mol. wt., 355. Found: 
C ,  67.45; H, 5.99; N, 3.84; mol. wt., 335,343. 

Methiodide.-This was prepared by heating wlth benzene and methyl iodide in a 
sealed tube at 100° for two hours. It forms faintly yellow thin square plates, m. p. 
202 O (uncorr.) with frothing. 

Anal. Calcd. for CzlH2406NI: C ,  50.7; H, 4.8. Found: C, 50.5; H, 4.8. 
6,7,3,'4'-Tetramethoxy-4-hydroxy-l,2,3,Ptetrahydroprotopapaverine (III).-It was 

not found possible to reduce the compound (11) successfully with the usual reagents, 
such as zinc and sulfuric acid, etc Ultimately a very active catalyst (platinic chloride 
in hydrochloric acid with the addition of platinum oxide and Skita catalyst) was pre- 
pared. This readily caused the absorption of four atoms of hydrogen (acetic acid with 
hydrochloric acid as solvent). No stage corresponding to two atoms of hydrogen was 
isolated. After the catalyst had flocculated, the solution was evaporated under re- 
duced pressure, the residue dissolved in methyl alcohol and treated with ammonia. 
The product crystallizes out on standing. Recrystallized from alcohol, the compound 
forms white, bulky aggregates of crystals (thin rectangular plates) melting a t  123" (un- 
corr.). It is slightly soluble in hot water, readily soluble in hot alcohol and moderately 
soluble in hot toluene. 

With cold concentrated sulfuric acid the compound gives a colorless solution, 
becoming pale amethyst on warming. Addition of a crystal of potassium nitrate to the 
cold acid solution produces an orange-brown color. Luchini's reagent gives a pale gold 
color; Wenzell's reagent, violet changing to gold; Erdmann's reagent, light golden; 
Mandelin's reagent, greenish-gold; Frohde's reagent, green, changing to deep brown. 

Anal. Calcd. for CzeHzsOsN: C, 66.85; H, 6.96. Found: C, 66.72; H, 7.21. 
1,2-Dihydropapaverine (IV).-One gram of compound (111) dissolved In 10 cc. of 

chloroform was treated with 3 g. of phosphorus pentachloride and allowed to stand for 
forty-eight hours in the cold. The yellow magma which formed was added to crushed ice, 

Pictet and Gams, Ber., 42, 2943 (1909). 
Haworth, Perkin and Rankin, J. Chem. Soc., 125, 1693 (1924). 
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the chloroform layer separated, washed with water and sodium bicarbonate solution 
and evaporated under reduced pressure. The residual gum was taken up in acetic acid 
and 20% perchloric acid added. The sparingly soluble perchlorate was filtered off, 
washed, dried, suspended in benzene and a stream of dry ammonia passed in. After 
filtration and the addition of petroleum ether, a crop of crystals separated on standing 
in a refrigerator and was filtered off. The liquor slowly deposits the oxidized compound 
(V) (below). For this reason, any prolonged operations should be carried out in an at- 
mosphere of inert gas. For analysis, the compound was recrystallized several times from 
dilute methyl alcohol, after it had been warmed with methyl alcoholic potash to remove 
impurities. 1,2-Dihydropapaverine forms a bulky white mass of crystals (narrow hexag- 
onal plates) melting a t  97-98" (uncorr.). I t  is easily oxidized in solution by air, or by 
strong hydrogen peroxide in acetone solution, to the compound (V). It is readily soluble 
in the usual solvents, sparingly soluble in petroleum ether and practically insoluble in 
water. 

With cold concentrated sulfuric acid it gives a yellow-brown solution which becomes 
intensely bluish-violet on heating. A crystal of potassium nitrate added to the cold 
acid solution gives an intense golden-brown color. Boiling acetic anhydride slowly 
develops a light emerald-green color (see compound V). Luchini's reagent gives a deep 
red color; Wenzell's reagent, deep violet; Erdmann's reagent, orange-red; Mandelin's 
reagent, blood-red, golden on heating; Frohde's reagent, yellow-green, becoming deep 
green, then violet on heating. 

Anal. Calcd. for CZOHBO~N: C, 70.38; H, 6.74. Found: C, 69.98; H, 6.99. 

On catalytic reduction in hydrochloric-acetic acid solution, tetrahydropapaverine 
is produced. It was isolated and identified by means of the characteristic hydriodide, 
which was compared with an authentic specimen prepared by Pyman's method. A 
mixed melting point determination showed no depression. 

The dehydrogenation of 1,2-dihydropapaverine went very smoothly when 0.4 g. 
was heated with 0.2 g. of palladium black8 in an inert atmosphere for thirty minutes 
at 170-180". The melt was extracted with 10% hydrochloric acid and the papaverine 
precipitated as iodide by the addition of potassium iodide. The iodide was recrystallized 
from alcohol and identified (properties and mixed melting point determination) by 
comparison with an authentic specimen, and was then converted into the base and simi- 
larly identified as papaverine 

1,2-Dihydropapaverine is very similar to 3,4-dihydropapaverine6g6 and is best dis- 
tinguished by means of its oxidation product (V), which shows considerable differences 
from that derived from the 3,4-compound. 

Perchlorate.-This was prepared from the purified base and forms a sphaerocrys- 
talline white powder, melting with blackening at  238' (uncorr.) after sintering. It is 
very sparingly soluble except in strongly acid solutions. 

Anal. Calcd. for C20Hz304N.HC104: C, 54.36; H, 5.44. Found: C, 54.31; H, 
5.74. 

Picrate.-Prepared from the purified base, the plcrate forms a lemon-yellow 
sphaerocrystalline powder, melting a t  151 " (uncorr.). 

Anal. Calcd. for C~OH~VO~N.COH~N~OT: C, 54.74; 11, 4.56. Found: C, 54.39; 
H, 4.72. 

6,7,3,'4'-Tetramethoxy -9 -keto- 1,2- dih~7droprotopapaverine.-As already men- 
tioned, this compound is produced by air-oxidation of 1,2-dihydropapaverine or by oxida- 
tion by strong hydrogen peroxide in acetone solution. When phosphorus pentoxide or 
oxychloride is used to remove water from (111), this compound is usually obtained. I t  

Cf. Spath and Polgar, Monatsh., 51,190 (1929). 
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forms a compact mass of thick, irregular prisms from alcohol, melting a t  187" (uncorr.). 
It is moderately soluble in alcohol, soluble in chloroform, somewhat soluble in hot ben- 
zene and very sparingly soluble in ether. With cold conceiltrated sulfuric acid it  forms a 
golden solution, which becomes intensely red on adding a crystal of potassium nitrate. 
I t  dissolves in hydrochloric acid with a golden color and in hot acetic anhydride with an 
intense deep-green color. Luchini's reagent gives a red color; Wenzell's reagent, tran- 
sient violet; Erdmann's reagent, orange red; Mandelin's reagent, blood red, becoming 
golden on heating; Frohde's reagent, brownish, blood-red when heated. 

Anal. Calcd. for CzoHzlOsN: C, 67.54; H,  5.67. Found: C, 67.22; H, 5.94. 
When warmed on the steam-bath with methyl alcoholic potash, the compound 

rapidly changes into papaveraldine, identified by comparison and mixed melting point 
determinations with the authentic compound and with the alkaloid xanthaline. 

Summary 
1,2-Dihydropapaverine, hitherto unknown, has been synthesized and its 

structure established. In the course of the work, papaverine and papa- 
veraldine have been obtained by a new series of reactions. 

TUCKAHOE, NEW YORK 

AN IODIMETRIC METHOD FOR ' DETERMINING OXIDASE 
ACTIVITY 

The usual methods for estimating oxidase activity depend on either the 
production of a colored ~ubstance,~ or the measurement of the volume of 
oxygen ab~orbed.~ Recently an electrometric method has been ~uggested.~ 
Colorimetric methods are often inapplicable on account of pigments or 
turbidity in the extracts to be tested. Methods measuring the oxygen 
uptake require special apparatus. The method to be described here 
requires no unusual equipment, is easy to  use and reasonably accurate. 
With i t  as many as sixteen determinations have been made a t  the same time. 

I n  a previous paper,5 it was noted that potato juice contains a substance 
or substances that may be titrated with iodine in acid solution (trichloro- 
acetic acid) and that this titration decreases on exposure to air. Ordi- 
narily five cc. of juice reduces about 0.5 cc. of N/100 iodine. However, 
juice from one lot of potatoes was found to reduce 2.0 cc. of N/100 iodine. 
It was thought that this might be due to a low content of oxidase, the 
substance responsible for the iodine reaction not being oxidized in the 

Herman Frasch Foundation for Research in Agricultural Chemistry, Paper No. 6. 
2 J. A. Dye, Proc. Soc. Exptl.  Biol. Med., 24,640-642 (1927). 
3 H. H. Bunzel, THIS JOURNAL, 34,303-316 (1912). 
4 A. E. Stearn and A. A. Day, J. Biol. Chem., 85,299-306 (1929). 

I?. E. Denny, I,. P. Miller and J. D. Guthrie, Am. J. Botany, 17,483-509 (1930). 
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process of extraction for this reason. In order to test this point, juice 
of this lot of potatoes was boiled and filtered. It still reduced 2.0 cc. 
of N/100 iodine. TO 50-cc. portions of this boiled, filtered juice, 1 cc. of 
fresh juice from the same lot of potatoes and also 1 cc. from a lot giving the 
usual iodine titration were added. On exposing these mixtures to  air in a 
thin layer, the iodine titration of the one containing the juice suspected 
of being low in oxidase had decreased 0.8 cc. after forty-five minutes, while 
the titration of the one containing juice of the other lot had decreased 
1.4 cc. A water blank decreased 0.2 cc. 

These results suggested that if a substance could be found that  would 
reduce iodine in acid solution and which would also be oxidized by the air 
in the presence of potato juice, a convenient method would be available 
for determining oxidase. Cysteine was first tried. Its oxidation is 
catalyzed by potato juice, but the reaction proved to be autocatalytic 
and therefore unsuitable for the purpose. The autocatalytic nature of 
the oxidation of cysteine has been previously noted.6 

Szent Gyorgyi7 has noted the iodine reaction of plant juices and has 
isolated a substance that reduces iodine in acid solution from the adrenal 
cortex, orange and cabbage. He finds it to be a hexuronic acid. For 
this reason glucose that had been warmed with dilute sodium hydroxide 
was tried, since this product is known to contain a great variety of carbo- 
hydrate derivatives and i t  was thought that some of these might reduce 
iodine in acid solution. It was found that the iodine titration was quite 
large. Tests showed that i t  decreased on exposure to air and that this 
oxidation was catalyzed by potato juice. 

Preliminary Work.-During the first part of the work, the reaction was 
carried out in liter beakers, 25 cc. of the reacting mixture being exposed 
in a thin layer in the bottom. At intervals, k c .  aliquots were drawn, 
10 cc. of 10yo trichloro-acetic acid was added and titrated with N/100 
iodine, using starch as an indicator. The first difficulty encountered was 
a high blank, but it was found that clearing the substrate with decolorizing 
charcoal obviated this. It was also found that the conditions for aeration 
were unsatisfactory, since the rate of oxidation ceased to be directly 
proportional to the concentration of enzyme when more than 1 cc. of 
potato juice was used. Carrying out the reaction in aeration tubes 
corrected this difficulty. This improvement necessitated the use of a 
foam breaker. Capryl alcohol was tried, but all samples available inter- 
fered with the end-point, probably due to some impurity. It also had a 
slight retarding effect. Amy1 alcohol, while not affecting the end-point, 
was decidedly injurious to the enzyme. Paraffin oil, although not so 
efficient a foam breaker as the higher alcohols, was finally chosen. In  

M. Dixon and H. E. Tunnicliffe, Proc. Roy. Soc. (London), 94B, 266-297 (1923). 
Szent Gyorgyi, Biochem. J. ,  22, 1387-1409 (1928). 



order to test the effect of foaming, the addition of digitonin was tried. 
It greatly increased foaming but did not affect the results. As an addi- 
tional improvement it was found that more accurate results could be 
obtained by adding a known quantity of iodine, allowing to stand and then 
titrating the excess with thiosulfate. 

Preparation of Substrate.-Dissolve 40 g. of glucose in 400 cc. of N sodium hydrox- 
ide, place it in a 500-cc. Florence flask and immerse in a water-bath a t  80' for fifteen 
minutes. Remove and neutralize a t  once by adding 10 cc. of 85% phosphoric acid. 
Add 25 g. of decolorizing charcoal (Norit A was used) and allow to stand overnight. 
Filter and add 25 g. of decolorizing charcoal to the filtrate. Allow to stand for fifteen 
minutes and filter. Dilute a small portion of the filtrate about one to five and determine 
the PH value. If it is not close to PH 6.5, adjust to this PH with N sodium hydroxide 
or N hydrochloric acid. The addition of 2 cc. of either to 100 cc. of the filtrate shifts 
the acidity about 0.1 Pa. The iodine value for 25 cc. should be equal to about 60 cc. 
of N/50. Before using, dilute the filtrate with an equal volume of water. 

The Method.-Pipet 25-CC. portions of the diluted substrate into Van SlykeCullen8 
aeration tubes. Add 2 cc. of the juice or extract containing the enzyme. For each 
determination run a blank, using 2 cc. of the boiled, filtered juice or extract. Add five 
drops of paraffin oil to each tube and aerate for one hour. Wash into 300-cc. Erlenmeyer 
flasks containing 25 cc. of 10% trichloro-acetic acid, adding in all about 50 cc. of water. 
Add 50 cc. of N/50 iodine in N/10 potassium iodide and allow to stand for thirty min- 
utes. Titrate with N/100 sodium thiosulfate, using 1 cc. of 1% starch paste as an in- 
dicator. Titrate the blank &st and the determination immediately afterward. The 
difference between these titrations is a measure of the oxidase activity of the sample. 

Accuracy of the Method.-In order to test how nearly results could be duplicated, 
twelve determinations were made on the 2ame lot of potato juice. The average value 
was 6.15 cc. with an average error of +0.15 cc. To see how nearly the substrate could 
be duplicated, four batches were prepared and used with the same potato juice. The 
average value was 6.50 cc. with an average error of *0.2 cc. This was repeated with 
four other batches of substrate and other potato juice. The average value was 6.8 
cc. with an average error of *0.15 cc. 

Choice of PH Value.-Acidity of the reacting medium greatly affects the activity of 
enzymes. Therefore, a series of determinations was made a t  various PH values. These 
were obtained by the addition of N sodium hydroxide or N hydrochloric acid to the 
substrate. The quinhydrone electrode was used. Some difficulty was experienced, 
probably due to the interference of reducing substances. On the concentrated substrate 
values that were too alkaline were obtained. More acid values, which are believed to 
represent nearly the true PH, were obtained by diluting with about five volumes of water 
and using a large amount of quinhydrone. This effect is probably brought about by 
diluting the interfering substances and thereby minimizing their effect. Several ex- 
periments were made to determine the effect of the PH value of the substrate. A curve 
showing one of these, which is typical of the others, is shown in Fig. 1. Between PH 

6.0 and PH 7.0 the oxidase activity is not greatly affected. Therefore, PH 6.5 was chosen 
as  the best for carrying out the determinations. Bunzellg has investigated the effect 
of hydrogen-ion concentration on oxidase activity and recommends approximate neu- 
trality for making the determinations. His data, however, are insufficient to show the 
exact form of the PH-oxidase curve, especially between PH 6.0 and 7.0. 

8 D. D. Van Slyke and G. E. Cullen, J. Biol. Chem., 19, 211-218 (1914). 
H. H. Bunzell, ibid., 28, 315-333 (1916). 
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Effect of Concentration of Enzyme and Time of Aeration.-In order to 
test the effect of the concentration of enzyme and decide on the time of 

PH. 
Fig. 1.-Showing the effect of hydrogen-ion concentration on the oxidase 

activity of potato juice. Aerated for one hour; two cc. of juice used. 

aeration, experiments were made using one, two, three and four cc. of 
potato juice and aerating for different periods. In the first experiments 

0 1 Fresh juice, cc. 3 4 
4 3 Boiled juice, cc. 1 0 

R, 120 minutes; S, 60 minutes; T, 30 minutes. 

Fig. 2.--Showing the effect of enzyme concentration and time of aera- 
tion. Circles determined with usual substrate concentration, crosses with 
half this concentration. 

which were aerated for two hours the oxidase activity was not linear 
with the concentration, but curved upward. This tendency was negligible 
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when the aeration was only for one hour. It was found that the reason 
for this was the protective action of the juice, the enzyme in the tubes 
containing the larger amounts of juice being better protected. This 
protective action is present in the boiled, filtered juice. Therefore, an 
experiment was made in which the tube with 1 cc. of fresh juice con- 
tained also 3 cc. of boiled juice, the tube with 2 cc. of fresh juice, 2 cc. 
of boiled juice, and so on. Thus each tube contained 4 cc. of juice, but 
different amounts of enzyme in each. The results are shown in Fig. 2. 
It will be seen that the oxidase activity is almost linear with the concen- 
tration of enzyme even with two hours' aerating. Up to one hour the 
reaction is linear with time. In  the second hour the reaction goes more 
slowl?, showing that some enzyme is being destroyed. Therefore, one 
hour has been chosen for the time of aeration. Points are also given for 
the one-hour aeration curve in which half the usual concentration of 
substrate was used. Very little difference is noted, showing that in this 
range substrate concentration is not an important factor. 

Results with Other Plants.-In order to see if the methods could be 
used on other materials besides potato juice, several other plant juices 
were tried. The results are shown in Table I. Qualitative tests were 
also made with the indophenol reagent.1° The quantitative results 
correlate well with the qualitative. 

APPLICATION OF METHOD TO VARIOUS PLANTS. TWO CC. 

OTHERWISE NOTED 

Plant Iodimetric oxida5e 

Onion (bulb) 0 . 6  0 . 4  
Turnip (root) 0 . 3  0 3 
Beet (root) 7 . 7  8 3 
Beet (leaves) 7 6 7 . 7  
Carrot (root) 2 . 3  2 5 
Apple (fruit) 2 6  2 2  
Tomato (leaves) 0.5 cc. 11.8 
Tomato (stems) 0.5 cc. 1 . 3  
Tobacco (healthy leaves) 0.5 cc. 4 4 
Tobacco (mosaic leaves) 0.5 cc. 12.8 

OF JUICE USED UNLESS 

Indophenol oxidase 

Summary 

An iodimetric method is given for the estimation of oxidase activity. 
Oxidase activity as measured by the method is a linear function of the 
enzyme concentration. The effect of hydrogen-ion concentration on potato 
oxidase has been studied. The method is applicable to a variety of plants. 

YONKERS, NEW YORK 

lo H.  M. Vernon, J. Physiol., 42, 402432 (191 1) 



Sept., 1930 ALDEHPDO-~-AKABIN~~E TETRA-ACET4f E 363 9 

[CONTRIBUTION PROM THE CHEMICAL LABORATORY OF THE OHIO STATE ~NIV~%RSITY] 

ALDEHYDO-I-ARABINOSE TETRA-ACETATE1 

In continuation of the studies being made in this Laboratory on the open- 
chain forms of the sugar acetates, we wish to report in this paper the 
synthesis of the crystalline free aldehyde form of I-arabinose tetra-acetate. 
Although the ring formulas for the monosaccharides meet the requirements 
imposed by experimental data in most cases, there are nevertheless many 
reactions which are best explained by the assumption of an open-chain 
form in equilibrium with the ring or lactal structures. This is particularly 
true of the reactivity of the sugars in alkaline media. The changes that  
I-arabinose undergoes in alkaline solutions have been studied by Nef2 

and by Evans and C o n a ~ a y . ~  These changes are best explained on the 
basis of enolic equilibria, which then require an intermediate open-chain 
formula, as follows 

H\C/OH 

I \  
CHO CHOH 
I / I  

.=2 HCOH COH 
H-C-OH 0 I I 

This paper presents evidence that the free aldehyde form of I-arabinose 
is capable of stable existence in the form of its crystalline acetate, CH20Ac- 
(CHOAC)~-CHO. 

The methods used were similar to those reported in the case of glucose4 

and of galacto~e.~ Arabinose ethyl mercaptal was acetylated and the thio- 
ethoxy groups replaced by an oxygen atom through reaction with mercuric 
chloride6 and water under controlled conditions. The modifications intro- 
duced to obtain the arabinose compound consisted in the use of less water 
in the reaction and a slightly different method of isolation. 

The free aldehyde form of I-arabinose acetate or aldehydo5-1-arabinose 
tetra-acetate crystallizes in prismatic needles and has widely differing 
constants from the two known lactal acetates of this sugar. Chavanne7 

first obtained crystals of the a-form of arabinose tetra-acetate, but in too 

Constructed from a thesis presented by Mildred R. Newlin in candidacy for the 
degree of Master of Science a t  The Ohio State University. 

J. U. Nef, Ann., 357,214 (1907) ; 376,l (1910) ; 403,204 (1914). 
R. F. Conaway, Ph.D. Dissertation, The Ohio State University, 1929. 
M. I,. Wolfrom, THIS JOURNAL, 51,2188 (1929). 
1111. I,. UTolfrom, ibid., 52, 2464 (1930). 
Cf. P. A. Levene and G. M. Meyer, J. Biol. Chem., 69,175 (1926); 74,695 (1927). 
G. Chavanne, Compt. rend.. 134,661 (1902). 
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small amount to analyze. Hudson and Dale8 have synthesized and char- 
acterized a- and P-1-arabinose tetra-acetates. The properties of the three 
forms are listed in Table I. 

TABLE I 
PROPERTIES OF THE THREE TETRA-ACETATES OF 1-ARABINOSE 

Form M. p. O C .   or]^, Chloroform 

a 97 -I- 42.5" 
P 86 +147.2" 
Aldehydo 114 - 65" 

The rotation of aldehydo-1-arabinose tetra-acetate was stable in acetylene 
tetrachloride ([a12 -58') solution and in alcohol-free chloroform but 
underwent a slow change in the dextro direction in methyl alcohol and 
U. S. P. chloroform. In the former solvent the initial specific rotation was 
-46O, changing to -29' in five days. That this is due to combination 
with the alcohol is made probable by the isolation of well-characterized 
compounds of this type in the case of galacto~e.~ The substance readily 
gave the Schiff aldehyde test and reduced Fehling's solution. A crystalline 
semicarbazone was formed without loss of an acetyl group. This semi- 
carbazone showed a normal molecular weight by the Rast

g 
method. The 

aldehydo forms of glucose and galactose acetates showed low specific rota- 
tions, being -5 and -25' in chloroform, respectively. This was thought 
to  be probably characteristic of the open-chain forms. However, the 
value -65' obtained for the arabinose acetate, shows that the carbonyl 
group may produce a relatively high rotation, in spite of the absence of 
rings. 

Further work on the synthesis and reactivity of the free aldehyde forms 
of sugar acetates is in progress in this Laboratory. 

Experimental 
1-Arabinose-ethylmercaptal Tetra-acetate.-Three grams of 1-arabinose ethyl 

mercaptal1° (m. p. 124-126") was dissolved in 12 cc. of dry pyridine a t  room tempera- 
ture and the solution cooled in ice water. To this was added, gradually, 24 cc. of acetic 
anhydride. Some of the solute precipitated, but redissolved after a short time on stand- 
ing a t  0' with occasional shaking. The solution was then allowed to stand overnight a t  
room temperature. At the end of this period it was poured slowly with stirring into 600 
cc. of ice and water. A heavy oil separated which crystallized readily. Recrystalliza- 
tion was effected by dissolving the filtered crude material in methyl alcohol at  room 
temperature, adding water and allowing the mixture to crystallize in the ice box. The 
yield of the pure product was 4.5 g. or 91y0. 

The substance crystallizes in prisms and after one recrystallization melted at  79- 
80". After another recrystallization the melting point was the same and the specific 
rotation in chloroform was -30.8" at  27" (0.4005 g. subs. in 10.06 cc. U. S. P. chlorcform 

8 C. S.  Hudson and J. K. Dale, THIS JOURNAL, 40,992 (1918). 
9 K. Rast, Ber., 55,1051 (1922). 

lo E. Fischer, ibid., 27,673 (1894). 
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soln., 1.1-dm. tube, LYD = -1.35'). After four recrystallizations the melting point was 
79-80 " and the specific rotation in the same solvent was -29.9 " a t  26 " (0.4008 g. subs. 
in 10.06 cc. U. S. P. chloroform soh.. 1.14111. tube, LYD = -1.31'). The substance is 
practically insoluble in cold water, slightly soluble hot, somewhat soluble in ethyl alco- 
hol and petroleum ether, and very soluble in ether, acetone and chloroform. 

Anal. Subs., 0.2002: 19.01 cc. 0.1 N NaOH. Subs., 0.2001: 19.01 cc. 0.1 N 
NaOH. Calcd. for 100 mg. of CBH604(CEIaC0)4(SC~H~)2: CC. 0.1 N NaOH, 9.43. 
Pound: 9.49, 9.50. 

Aldehydo-1-arabinose Tetra-acetate.-An amount of 25 g. of I-arabinose-ethyl mer- 
captal tetra-acetate (m. p. 79-80') was dissolved in 90 cc. of pure acetone, and 15 cc. 
of water added. To this was added with mechanical stirring, an excess, 40 to 50 g., 
of finely powdered alkali-free cadmiurn carbonate, then a solution of 59 g. of mercuric 
chloride in 75 cc. of acetone. Stirring was maintained a t  room temperature for twelve 
hours, with occasional additions of fresh cadmium carbonate. The mixture was then 
held for fifteen minutes in a 50" bath, vigorous stirring being maintained. Finally, the 
solution was refluxed for fifteen minutes. The solution was cooled and filtered, cad- 
mium carbonate being placed in the suction flask before filtering. The filtrate was then 
concentrated under reduced pressure a t  30-35' in the presence of an excess of cadmium 
carbonate and dried several times by adding fresh acetonc and evaporating under re- 
duced pressure. The residue was extracted with warm chloroform and the extract 
dried a short time with sodium sulfate, adding some norite at the same time. After 
filtration, the solution was evaporated to dryness at room temperature in a vacuum desic- 
cator. The last traces of chloroform were remo

v

ed by several treatments with petro- 
leum ether. A partially crystalline mass was thus obtained, from which the crystals 
were isolated by treatment with alcohol-free, dry ether, which dissolved the sirup. 
The ether solution was filtered and the crystalline residue washed with ether. The 
amount of this material was 5 g. and an additional crop of 2 g. was obtained from the 
ethereal filtrate on standing overnight in the ice box. 

For purification, the material was dissolved in the minimum amount of warm ace- 
tone, and half the volume of anhydrous and alcohol-free ether added. Petroleum ether 
was then carefully added, crystallization being effected readily. By this procedure 5 g. 
of the crude material from the ether treatment gave 3.7 g. of product with m. p. 112-114 O 

(corr.) and showing a specific rotation in acetylene tetrachloride soln. of -57.8" a t  26' 
(0.4008 g. subs. in 10.06 cc. acetylene tetrachloride soln., 1.0-dm. tube, 4, = -2.30"). 
After three recrystallizations the melting point was 113-115° (corr.) and the specific 
rotation in the same solvent was -58.0" at 26' (0.4002 g. subs. in 10.OG cc. acetylene 
tetrachloride soln., 1.0-dm. tube, LYD = -2.31 "). After five recrystallizations the melt- 
ing point remained a t  113-115" (corr.). 

The substance crystallizes in clusters of prismatic needles. It is slightly soluble in 
cold water and ethyl alcohol, and readily soluble in these solvents when warmed. It is 
slightly soluble in warm ether and is practically insoluble in petroleum ether. It dis- 
solves readily in methyl alcohol and with extreme ease in chloroform and acetone. The 
initial specific rotation of the pure substance in U. S. P. chloroform a t  31 " was -65.2" 
(0.4014 g. subs. in 10.06 cc. U. S. P. chloroformsoln., 1.0-dm. tube, a~ = -2.60'). This 
value changed slowly in the dextro direction, being -63.3" after thirty minutes. In 
alcohol-free chloroform solution the specific rotation at 27" of the pure substance was 
-65.4" (0.4013 g. subs. in 10.06 cc. chloroform soln., 1.0-dm. tube, CYD = -2.61°). 
Another determination a t  the same temperature gave the value - 65.6" (0.4017 g. subs 
in 10.06 cc. chloroform soln., 1.0-dm. tube, a = -2.62"). The change in these 
values in twenty-four hours was negligible. The alcohol-free chloroform was prepared 
from the U. S. P. grade by washing with water, drying overnight with sodium and calcium 
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chloride and redistilling. In methyl alcohol solution an initial specific rotation of -46 
was obtained, changing slowl~ in the dextro direction. This change is tabulated in 
Table 11. 

TABLE I1 
CHANGE IN ROTATION OF ALDEHYDO-1-ARABINOSE TETRA-ACETATE IN METHYL ALCOHOL 

SOLUTION 
I = 1.0 dm. A, 6892 A. 

Experiment 1 Experiment 2 
t = 30°, c = 3.993 i = 30'. c = 3.995 

Time, hrs. a, degrees [ r r ] ~ ,  degrees Time, hrs. a, degrees [aID, degrees 

0.03 -1.83 -45.8 0.03 - 1.87 -46.8 
0.25 -1.82 -45.6 0.25 -1.86 -46.6 
0.50 -1.81 -45.3 0.50 -1.85 -46.3 
0.75 -1.80 -45.1 . . .... .... 
1 -1.79 -44.8 1 -1.85 -46.3 
1.25 -1.79 -44.8 . . . . . .  .... 
1.50 -1.77 -44.3 . . . . . .  . . . .  
1.75 -1.76 -44.1 . . .... .... 

19 -1.40 -35.1 . . . . . .  . . . .  
24 -1.31 -32.8 24 -1.33 -33.3 
72 -1.09 -27.3 . . .... .... 

. . . . . .  .... 96 -1.18 -29.5 

. . . . . .  . ... 120 -1.20 -30.0 
144 -0.99 -24.8 144 -1.14 -28.5 
168 -0.96 -24.0 168 -1.08 -27.0 
192 -0.96 -24.0 . . .... .... 
216 -0.92 -23.0 . . . . . .  .... 

Anal. Subs., 0.1000: 12.56 cc. 0.1 N NaOH. Subs., 0.1000: 12.76 cc. 0.1 N 
NaOH. Subs., 0.2196: COz, 0.3939; H20, 0.1176. Calcd. for CsHr,Oa(CHaCO)r: 
C, 49.04; H, 5.69; cc. 0.1 N NaOH per 100 mg., 12.6. Found: C, 48.92; H, 5.99; 
cc. 0.1 N NaOH, 12.6, 12.8; S, absent. 

Aldehyde-1-arabiiose-semicarbazone Tetra-acetate.-An amount of 4 g. (1 mole) 
of aldehyde-1-arabinose tetra-acetate (m. p. 113-115") was dissolved in 40 cc. of warm 
water and cooled rapidly to room temperature. A mixture of 2 g. (1.3 moles) of semi- 
carbazide hydrochloride and 2.5 g. (2 moles) of potassium acetate was added and the 
solution shaken vigorously. The crystalline semicarbazone began to separate rapidly 
after three to four minutes in the form of glittering four-sided plates. After one re- 
crystallization from methyl alcohol the melting point was 184-187' (corr.) and this 
value was unchanged on a second recrystallization from hot water. The substance is 
moderately soluble in chloroform and acetone, soluble in warm water and warm alcohol, 
and is practically insoluble in ether and petroleum ether. 

MoZecuZar weight (Rast). 0.0106 g. subs. in 0.1017 g. of camphor depressed the 
m. p. 10.5'. Mol. wt. calcd. for C14Hz10eN8: 375. Found: 396. 

Anal. Subs., 0.2007: Nz, 19.50 (742.2 mm., 20'). Subs., 0.1000: cc. 0.1 N NaOH, 
10.8, 10.7. Calcd. for CeH~OaNs(CH~C0)~: N, 11.20, cc. 0.1 N NaOH per 100 mg., 10.7. 
Found: N, 10.96, cc. 0.1 N NaOH, 10.8, 10.7. 

Summary 

1. A new form of I-arabinose tetra-acetate has been synthesized in pure 
crystalline condition. 



sept., 1930 THE SYNTHESIS OII THIOTHYRONINE 3623 

2. Evidence is presented that this substance possesses the free aldehyde 
structure. 

3. The crystalline semicarbazone of this aldehyde has been prepared 
in pure form. 

[CONTRIBUTI~N FROM TFIE DEPARTMENT OF CHEMISTRY, YALE: UNIVERSITY] 

In two previous papers from this I,aboratoryJ2 attention has been di- 
rected to the remarkable effect of diaryl-sulfide groupings in organic com- 
pounds which have been shown to have therapeutic value as germicides 
or antiseptics. The outstanding derivative thus far studied is p-hydroxy- 
diphenyl-sulfide which was found to possess a germicidal activity equi- 
valent to a phenol coefficient of 115. As a result of the discovery of this 
unexpected increase in germicidal power, and on account of the growing 
interest in the biochemistry of organic sulfur groupings in general, we have 
now extended further our researches in this field, and have begun a study 
of practical methods for synthesizing sulfur-ether-a-amino acid combina- 
tions corresponding in structure to the naturally occurring protein acids, 
phenyl-alanine and tyrosine, and also the sulfur analog of the hormone- 
thyroxine. In this paper we describe methods of synthesizing the two 
new a-aminoacids-~-methyl-p'-diphenylsulfide-/3-alanine and p-hydroxy- 
#'-diphenylsulfide-p-alanine or thiothyronine (desiodo-thyroxine), which 
are expressed by formulas I and 11, respectively. The amino acid I1 is 

CH~C6HSCejHdCHzCH(NHz)COOH HOCsHSC6HaCHaCH(NHp)COOH 
I I1 

HOC~H~OC~HICH~CH(NH~)COOH HSC~HICH~CH(NH~)COOH 
I11 IV  

the sulfur analog of thyronine I11 already described by HaringtonJ3 and 
is the first aromatic sulfur-ether derivative of the amino acid thiotyrosine 
IV to be described. A method for preparing thiotyrosine IV was first de- 
scribed in a paper from the Yale laboratory by Johnson and Brautlecht4 

in 1912, and so far as the authors are aware no attention has been paid t o  
1 Constructed from a dissertation presented by George Hartland Law in June, 1929, 

to the Faculty of the Graduate School of Yale University in candidacy for the degree 
of Doctor of Philosophy. 

8 Hilbert and Johnson, THIS JOURNAL, 51, 1526 (1929); Bass and Johnson, ibid., 
52, 1146 (1930). 

3 Harington, Biochem. J., 20,300 (1926); 22,1429 (1928); C. A., 23, 1631 (1929). 
Johnson and Brautlecht, J. Biol. Chem., 12,175 (1912). 
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its chemistry since that date. The further study of this interesting acid 
and its derivatives is now in progress. 

The approach to a-amino acid derivatives of diary1 sulfides has been 
accomplished as a result of the successful introduction of aldehyde groups 
into sulfide-ether constructions. Previous to our work no aldehyde deriva- 
tives of an aromatic sulfide have been described in the chemical literature. 
Of the various procedures previously employed for introducing the alde- 
hyde group into the aromatic nucleusJ5 the method of Stephenla involving 
conversion of a nitrile to an imide by reduction, and the latter to an alde- 
hyde by hydrolysis, was the only one considered a t  all practical for ac- 
complishing our purpose. This was also the method utilized by Harington 
and Barger7 in their original work leading to the final synthesis of thyroxine. 
There is a serious objection to the application of any oxidation process for 
aldehyde synthesis in this series of compounds, as we are dealing with 
sulfur constructions which are easily altered by application of such ex- 
perimental technique. The sulfides represent the lowest valency state of 
sulfur and all reactions must be avoided which would tend to convert the 
respective sulfide to a sulfoxide or a sulfone. I t  now seems probable from 
the work already done in this Laboratory that the Stephen reaction will 
be found of quite general application for aldehyde synthesis in the aromatic 
sulfide series. 

The starting points for our two amino acid syntheses were p-methy1-p'- 
cyandiphenyl-suEde and p-ethoxy-p'-cyandiphenyl-sulfide expressed by 
formulas V and VI, respectively. These were transformed into the cor- 

CHaCeHaSCeHd2N CzHsOCsH4SCeHaCN 
v V I  

responding aldehydes, VII and VIII, by application of Stephen's reaction 
CH~C~H~SCBH~CHO C2H60CeH4SCeH4CHO 

VII  VI I I  

and then co~idensed with hydantoin according to the method of Wheeler.8 
After reducing the resulting aldehyde condensation products, and then 
destroying the resulting hydantoin derivatives by alkaline hydrolysis, the 
corresponding a-amino acids were easily obtained in good yield. Dealkyla- 
tion of p-ethoxy-p'-diphenylsulfide-8-alanine by heating with hydrobromic 
acid gave the sulfur analog of thyronine represented by formula 11. De- 
scription of the products formed in the different stages of the two syntheses 

Reimer-Tiemann method, Ber., 9, 824 (1876); Gattermann, Ann., 347, 347 
(1906); kbid., 357,313 (1907); Guyot, Comfit. rend., 149, 788 (1909); Bouveault, ibid., 
122, 1543 (1896); Gattermann and Maffezzoli, Ber., 36, 4152 (1903); Bodroux, e m p t .  
rend., 138, 92, 700 (1904); Bouveault, Bull. soc. chim., [ I I I ]  31, 1322 (1904); Etard, 
Ann. chim., 22,218 (1881); Rosenmund, Ber., 51,585 (1918). 

6 Stephen, J. Chem. Soc., 127, 1874 (1925). 
7 Harington and Barger, Biochem. J., 21, 169 (1927). 
a Wheeler and Hoffman, Am. Chem. J., 45,368 (1911). 
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are given in the experimental part of this paper. Further work dealing 
with the preparation and study of halogen derivatives of aromatic sulfide 
amino acids is now in progress. 

Experimental Part 
p-Ethoxythiophenol, C~H~OCGHISH. -T~~~  thiophenol has previously been pre- 

pared by Lagaig and also Gattermann.Io By application of the technique of Leuckartll 
we succeeded in preparing the same compound in good yield (77%) from p-phenetidine. 
Ninety-six grams of the amine is productive of 83-85 g. of the thiophenol distilling bc- 
tween 238-241 ". 

p-Ethoxy-pl-nitrodiphenyl-sulfide, C2H~OC~H~SCQH$;102.-This is formed by di- 
gesting in alcoholic solution the sodium salt of p-ethoxythiophcnol with p-nitrochloro- 
b~nzene. The sulfide is easily obtained in a yield of 9370 of the theoretical and crystal- 
lizes from alcohol in needles melting a t  96". I t  is insoluble in water but soluble in all 
common organic solvents except petroleum ether. 

Anal. Calcd. for ClrHlsNSOa: N, 5.09; S, 11.63 Found: N, 4.90; S, 11.49. 

p-Methyl-p'-nitrodiphenyl-sulfide, CH3C6H~SC&4NO2, is obtained from pthio-  
cresol and p-nitrochlnrobenzene in a yield of 95y0 of the theoretical. It crystallizes 
from alcohol in yellow needles melting a t  81.5". 

Anal. Calcd. for CIaHllOzNS: N, 5.71; S, 12 06. Found: N, 5.63; S, 13.12. 

Reduction of these two nitro compounds with stannous chloride in dilute alcohol 
solution acidified with hydrochloric acid leads to the formation of the corresponding 
amino derivatives. 

pEthoxy-pl-aminodiphenyl-sulfide, melting at  53" from alcohol. The hydro- 
chloride melts at 184-185'. 

Anal. Calcd. for C14H1~0NS: N, 5.71 ; S, 13.06 Found: N, 5.47; S, 13.01. 
p-Methyl-p'-aminodiphenyl-sulfide, melting a t  73.5O from alcohol. The hydro- 

chloride melts at  183-184' and is obtained in a yield of 84% of the theoretical. 

Anal. Calcd. for CloH18NS: N, 6.51; S, 14.88. Found: N, 6.39; 5, 15.01. 
p-Ethoxy-pl-cyandiphenyl-sulfide. V1.-From the corresponding amine by ap- 

plication of Sandmeyer's reaction. This was purified by distillation under dirninislled 
pressure and finally by crystallization from dilute acetic acid. I t  separated in colorless 
prisms melting at  95-96 ". The nitrile is insoluble in water, but soluble in all the com- 
mon organic solvents. 

And. Calcd. for Cl5HI30NS: N, 5.49; S, 12.55. Found: N, 5.45; S, 12 39. 

p-Methyl-p'-cyandiphenyl-sulfide. V.-This was prepared from p-aminobenzo- 
tlitrile12 and p-thioaesol according to Ziegler's technique,13 and also from p-methyl-p'- 
aminodiphenylsulfide by application of Sandmeyer's reaction. The yield by either 
method is about 45'34 of the theoretical. This nitrile is easily purified by crystalliza- 
tion from dilute acetic acid and crystallizes in plates melting at  102-103 ". 

Anal. Calcd. for ClaHI1NS: N, 6.22; S, 14.22. Found: N, 6.14; S, 14.08. 
p-Ethoxy-diphenyl-sulfide-pl-carboxylic acid, melts at  201-202" (calcd. : S, 11.68. 

Found: S, 11.75). 

Lagai, Ber., 25, 1838 (1892). 
lo Gattermann, ibid., 32, 1149 (1899). 
11 Leuckart, J. prakt. Chem., 41, 179 (1890). 
l2 Bogert and Wise, THIS JOURNAL, 32, 1494 (1910). 
13 Ziegler, Ber., 23, 2471 (1890). 
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p-Methyl-diphenyl-suIfide-pf-carboxylic acid, melts a t  197-198" (calcd.: S, 13.12. 
Found: S, 13.21). 

p-Ethoxy-p'-aldehyde-diphenyl-sulfide. VIII.-Thirty grams of anhydrous stan- 
nous chloride is added to 900 cc. of dry ether and the solvent saturated a t  low tempera- 
ture with hydrochloric acid gas. Eight grams of p-ethoxy-pf-cyandiphenyl-sulfide 
dissolved in 30 cc. of chloroform is then added and after thorough mixing the solution is 
allowed to stand in an ice chest for several hours. Saturation with hydrochloric acid 
gas is then repeated and the mixture again allowed to stand for eight to ten hours. 
The imide hydrochloride is then separated by filtration and immediately converted to 
the aldehyde by warming with very dilute hydrochloric acid solution. The aldehyde 
crystallizes from dilute acetic acid in plates which melt a t  83 O. It is insoluble in water, 
but soluble in all the common organic solvents. 

Anal. Calcd. for C16Hl4OzS: S, 12.41. Found: S, 12.42. 
Its phenylhydrazone, CalHzoONS, crystallizes from alcohol in yellow needles melt- 

ing a t  126-127" (calcd.: N, 8.04. Found: N, 7.82). 
p-Methyl-pf-aldehyde-diphenyl-sulfide. VU-This is obtained from pmethyl- 

pf-cyandiphenyl-sulfide by application of Stephen's reaction in a yield of 81% of the 
theoretical. The aldehyde is purified by crystallization from dilute acetic acid and 
separates in plates melting a t  69 O. 

Anal. Calcd. for C1JIl2OS: S, 14.04. Found: S, 14.17. 
Its phenylhydrazone, CZOHIENZS, crystallizes from alcohol in yellow plates melting 

a t  149-150' (calcd.: N, 8.80. Found: N, 8.61). 
+Methyl-diphenylsuIfide-pf-aldal-hydantoin, - 

CH3CeHaSCsH4CH=CCONHCONH.- 
This is formed in a yield of 71% of the theoretical by interaction of p-methyl-pf-alde- 
hydodiphenyl-sulfide (15.5 g.) with hydantoin (6.9 g.) and sodium acetate (26 g.) 
in a mixture of glacial acetic and acetic anhydride heated a t  its boiling point for eight 
hours. On pouring into cold water the hydantoin separates and is purified by crystal- 
lization from dilute alcohol. It melts a t  239-240° and is insoluble in water and ether 
and only sparingly soluble in alcohol and acetic acid. 

And.  Calcd. for C17H1,OzNzS: N, 9.03; S, 10.32. Found: N, 8.83; S, 10.19. 
+~thox~-diphenyl-sulfide-pf-aldal-hydantoin, I 

CzHsOCtjH4SC6HaCH=CCONHCONH.- 
This hydantoin crystallizes from dilute alcohol in needles which melt a t  254O with de- 
composition. The hydantoin is insoluble in water and ether and only sparingly soluble 
in alcohol and acetic acid. 

Anal. Calcd. for CisHisOaNzS: N, 8.24; S, 9.41. Found: N, 8.16; S, 9.22. 
Reduction of the Unsaturated Hydantoins.-This was accomplished by dissolving the 

respective hydantoin in warm alcohol and then reducing it a t  the double bond by slow 
addition of 2.5% sodium amalgam to the solution. When the reduction was complete the 
solution was acidified with hydrochloric acid and the reduced hydantoin precipitated by 
addition of water. The yield of crude hydantoin is about 85-90yo of the theoretical. 

pMethy1-diphenyl-sulfide-p'-aldyl-hyd, - 
CH~C~HSGHICH~CHCONEICONH, 

crystallizes from dilute alcohol in plates which melt a t  187-189'. It is insoluble in 
water and ether, and soluble in acetic acids. 

Anal. Calcd. for CI~H~~O~NZS:  N, 8.97; S, 10.25. Found: N, 8.82; S, 10.09. 
p-Ethoxy-diphenyl-sullide-p '-aldyl-hydantoin, I 

C~HE.OC~HSC~HICHZCHCONHCONH, 
crystallizes from dilute alcohol in needles, which melt a t  184-185O. It is insoluble in 
water and ether, but soluble in the common organic solvents. 
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A9zal. Calcd. for CSHISO,NZS: N, 8.18; S,9.36. Found: N, 8.09; S,  9.45. 
PMethyl-pf-diphepyl-sulfide-manine. I.-This a-amino acid is formed by heat- 

ing its hydantoin (above] in strong aqueous barium hydroxide a t  the boiling point of the 
solution for several hours (forty-eight). On acidifying the alkaline solution with hydro- 
chloric acid and cooling, the hydrochloride of the amino acid separated as clusters of 
colorless prismatic crystals. The yield was 81% OF the theoretical and the salt melted 
a t  205-207° with decomposition. The free amino acid was precipitated from an aque- 
ous solution of its hydrochloride by addition of sodium acetate. This proved to be a 
very insoluble substance, and was purified by repeatedly dissolving in alkaline solution 
and precipitating with acetic acid. The sodium salt was found to crystallize from dilute 
sodium hydroxide solution as needles. The acid gives the normal ninhydrin test charac- 
teristic of a-amino acids. The acid melts a t  198-200' with great decomposition. 

Anal. Calcd. for CleHl,OpNS: N, 4.88; S, 11.15. Found: N, 4.80; S, 11.74. 
p-Ethoxy-pl-diphenyl-sulfide-8-alanine, GH~OC~H~SCP,H~CH~CH(NH~)COOH.- 

This is formed by hydrolysis of its corresponding hydantoin (above) with barium hy- 
droxide (heating a t  100° for forty-eight hours). The yield of hydrochloride was 82y0 
of the theoretical, and it melted a t  218-220' with decomposition. The free amino acid 
melts a t  208-210° with intense decomposition and is slightly soluble in dilute solutions 
of mineral acids and alkali and insoluble in water. I t  responds to the ninhydrin test 
for a-amino acids. 

Anal. C!alcd.forC~.rH~~O~NS: N,4.41; S, 10.09. Found: N,4.38; S. 10.21. 
p-Hydroxg-fir-diphenyl-sulfide-palanine or Thiothyronine. 11.-This amino 

acid is formed by heating the corresponding ethyl ether with a mixture of 48% hydro- 
bromic acid and acetic anhydride a t  90' for several hours (forty-eight). The reaction 
mixture was then diluted with water and the hydrobrornic acid neutralized by addition 
of sodium acetate using alizarine as an indicator. The amino acid separated a t  once and 
was further purified by dissolving in sodium hydroxide solution and precipitating with 
acetic acid. Further purification was effected by dissolving the amino acid in hydro- 
chloric acid and reprecipitating by adding to the solution sodium acetate. This amino 
acid crystallizes in the form of colorless spherical crystals which darken when heated 
a t  230" and melt with decomposition a t  240-242'. I t  is insoluble in cold water, very 
slightly soluble in hot water, and also sparingly soluble in dilute acid and alkaline solu- 
tions. It gives a positive ninhydrin test but does not give as distinct and decisive a 
Millon's test as tyrosine. This later color change is undoubtedly influenced by the 
presence of sulfur in the sulfide molecule. 

Anal. Calcd. for C16H1603NS: C, 62.2; H, 5.19; N, 4.84. Found: C, 62.0; H, 
5.26; N, 5.00. 

Summary 
1. The Stephen reaction for preparing aldehydes from cyanides has 

been applied with success in the diaryl-sulfide series. 
2. The two aldehydes CHSC~H~SC~H~CHO and C ~ H S O G H ~ S G H ~ C H O  

condense smoothly with hydantoin, giving condensation products which 
can be transformed into characteristic a-amino acids. 

3. Three new a-amino acids have been described, including thiothyro- 
nine, the sulfur analog of thyronine or desiodo-thyroxine. 
4. The study of these amino acids and their halogen substitution 

products is being continued. 
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Introduction 
alp-Diphenylglutaric acids, the isomerism of which has been explained 

by Avery and Maclay12 have, in so far as their asymmetric carbon atoms 
are concerned, a structure similar to a,P-diphenyl-&ketonic acids, as the 
following comparison shows. 

Glutaric acids CO(OH)CH~CH(CBH~)CH(C~H~)CO~H 
Ketonic acids CO(R)CH2CH(CsHs)CH(C6H6)COaH 

It is to be anticipated, therefore, that a careful study of isomeric &-ketonic 
acids will disclose many points of similarity between these compounds 
and the corresponding 8-carboxylic or glutaric acids. By analogy i t  
should be possible to synthesize two optically inactive stereoisomers in 
the case of each ketonic acid. These acids should form two definite 
series of isomeric derivatives, as nitriles and esters. The preparation 
of such compounds would add convincing evidence of the correctness of 
the explanation of stereoisomerism in the glutaric series. Finally, as in 
the glutaric series, i t  should be possible to resolve each inactive acid into 
its optical isomers. The present paper, however, deals with inactive 
isomers only. 

The study just outlined would naturally begin with isomeric a,P- 
diphenyl-y-acetylbutyric acids, but inasmuch as efforts to prepare acids 
of this composition were unsuccessful, owing to the active hydrogen 
atoms of the acetyl group, attention was turned to other derivatives. 

By combining benzyl cyanide or an ester of phenylacetic acid with 
benzalpinacolone, one might expect to synthesize derivatives of isomeric 
a,@-diphenyl-y-trimethylacetylbutyric acids. The experimental part of 
the paper will show that such compounds were easily formed in so far as 
the higher-melting series is concerned. Lower-melting isomers, however, 
were formed in small quantities. It was, moreover, not found possible 
t o  secure them free from isomeric admixture. The higher-melting series 
is as follows 

Methyl ester 175' 
Acid 23.5236' 

Nitrile 86' + 
The lower-melting series will be discussed in the experimental part of this 
paper. 

Read at the Atlanta meeting, Organic Section, American Chemical Society, 
April 8, 1930. 

Avery and Maclay, THIS JOURNAL, 51,2833 (1929). 
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Owing to the poor yield and the doubtful purity of the lower-melting 
isomers, the authors of this paper decided to turn their attention t o  the 
corresponding benzoyl derivatives, which had already found a place in 
chemical literature. 

The Isomeric a,@-Diphenyl-y-benzoylbutyric Acids.-B~rsche,~ by 
combining ethyl phenylacetate with benzalacetophenone, obtained an 
ethyl ester of this series melting a t  153-154' which hydrolyzed in alkaline 
solution to the salt of an acid melting at about 240'. He designated 
it as a,p-diphenyl-y-benzoylbutyric acid. 

By the oxidation of a,/?,&-triphenyl-6-hydroxyvaleric acid, Meerwein4 

obtained an acid of the same composition melting a t  186-187'. By 
combining methyl phenylacetate with benzalacetophenone, he obtained 
a mixture of isomeric esters. The esters yielded two acids, one melting 
a t  186-187', identical with the oxidation product previously obtained, 
and an isomer melting a t  260-261'. These formed methyl esters melting 
a t  157-1.58' and 177-178", respectively. Meerwein's work indicates 
that the 240' acid of Borsche was a mixture of isomers. 

By combining benzyl cyanide with benzalacetophenone, Kohler and 
Allen6 obtained a nitrile melting a t  118' and an isomer melting a t  109'. 
The higher-melting nitrile gave a methyl ester melting a t  150°, the lower 
nitrile a methyl ester melting a t  139'. Both esters gave on saponification 
an acid melting a t  239'. This acid on esterification with methanol and 
hydrogen chloride gave a product melting at 150°, identical with the 
ester (150") obtained directly from the higher-melting nitrile. 

Owing to the lack of close agreement in certain parts of the work of 
previous investigators, the authors of this paper have attempted to  clarify 
the subject by repeating (with some modifications) and extending the 
work of their predecessors. They have made free from isomeric ad- 
mixture the ethyl ester (156' corr.) of Borsche, (1) by direct synthesis, 
(2) by esterification of the 260-261' acid of Meerwein and (3) by treating 
the 118' nitrile of Kohler and Allen with ethanol and hydrogen chloride. 
The methyl ester 177-178' of Meerwein has been prepared (1) by direct 
synthesis, (2) by treating the 118' nitrile with methanol and hydrogen 
chloride, and (3) by esterification of the 260-261' acid. The 260-261° 
acid of Meerwein has been prepared (1) by hydrolyzing the 156' ethyl 
ester, also the 177-178' methyl ester, (2) by hydrolyzing the 118' nitrile, 
and (3) by hydrolyzing a lactone not found in the literature of the subject. 

The 186-187' acid of Meerwein has been prepared (1) by fractional 
crystallization from a mixture of the acids resulting from the hydrolysis 
of the mixed esters or of the mixed nitriles, (2) by hydrolysis of the pure 

a Borsche, Ber., 42,4497 (1909). 
4 Meerwein, J. prakt. Chm., 97,272 (1918). 
6 Kohler and Allen, THIS JOURNAL, 46, 1522 (1924). 
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esters (ethyl 100-101°, methyl 155O), and (3) by the hydrolysis of a lactone. 
The following list shows the members of both series that the authors 
of the present paper have prepared free from any isomeric admixture. 

The higher-melting series 
Methvl ester 177-178' 
j thy fester 156' e 
Lactone 22G2220 Acid 260-261" 
Nitrile 118' .--) 

The lower-melting series 
Methyl ester 155' e 
Ethyl ester 100-101' - Acid 1186-87' 
Lactone 136" s 

The ready formation of distinct lactones from both acids and the hydrolysis 
of these lactones into the original acids is evidence against the assumption 
of a "trans" or "fumaroid form for the 260-261° acid and the "cis" 
or "maleinoid" form for the 186-187O acid. 

Experimental Part 
The Trimethylacetyl Derivatives 

The Nitrile of a,@-Diphenylr-trimetbylacetylbutyric Acid.-Benzalpinacolone 
condenses with benzyl cyanide readily under a variety of conditions. The details of 
the procedure employed will be given under the description of the condensation of ben- 
zyl cyanide with benzalacetophenone. No trimoledar body is formed. On recrystal- 
lizing from light gasoline, crystals superficially reminding one of quartz are obtained, 
melting point 86' (corr.), yield about 90% of the theoretical. 

Anal. Calcd. for C~IHZ~NO: C, 82.57; H, 7.60; N, 4.62. Found: C, 82.57; H, 
7.84; N, 4.50. 

The 86' nitrile hydrolyzed (in acid solution) to an acid melting a t  236', while a less 
pure sample, of slightly lower and less definite melting point, not only gave the 236' 
acid but also a small percentage of an acid melting between 189 and 190 '. 

The Methyl Ester of a,p-Diphenyl-y-trimethylacetylbutyric Acid.-A crystalline 
mass is formed by the reaction of benzalpinacolone with methyl phenylacetate in the 
presence of sodium methylate. The yield of the impure ester was nearly quantitative. 
Repeated recrystallizations from methanol gave a product forming long slender needles 
melting a t  175', soluble in chloroform and benzene. 

Anal. Calcd. for CaHz8Os: C, 78.06; H, 7.75. Found: C, 77.97; H, 7.78. 
The ester saponified (in acid solution) to an acid identical with the 236' acid ob- 

tained from the nitrile. The 236" acid with methanol and hydrogen chloride again 
formed the 175' ester. 

The jiltrates from the above were condensed and again recrystallized from methanol. 
By repeated fractional crystallizations a small amount of a product forming long, slender 
rods, m. p. 110-115°, was obtained. I t  was found impossible to obtain a product with a 
sharp melting point. 

Anal. Calcd. for CzzHzaOs: C, 78.06; H, 7.75. Found: C, 77.64; H, 7.70. 
This 110-115° ester saponified in acid solution to a 189-190' melting acid. 
The a.8-Diphenyl-y-trimethylacetylbutyric Acid.-As previously stated, a sharply 

melting acid may be prepared from the 86" nitrile or the 175" methyl ester by hydrolysis 
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in acid solution. This 236" acid crystalliues from 95% ethyl alcohol in flattened needles 
or long plates. 

Tatration. 0.3211 g. required 19.72 cc. of N/lO NaOH. Calcd.: 19.82 cc. Anal. 
Calcd. for CzlHarOs : C, 77.73; H, 7.46. Found: C, 77.76; H, 7.43. 

The evidently impure 110-115° ester saponified to an acid melting a t  189-190'. 
A sharp melting point could not be obtained after repeated recrystallizations of the small 
amount available. I t  appeared to be identical with the acid obtained from the fraction 
of the nitrile melting below 86 ". 

Titration. 0.3904 g. required 24.16 cc. of N/20 NaOH. Calcd.: 24.10 cc. Anal. 
Calcd. for CzH240a: C, 77.73; H, 7.46. Found: C, 77.63; H, 7.46 

In spite of the analytical data, the presence of the lower-melting isomers is not defi- 
nitely established. The quantities were minute in comparison with the well-defined 
bodies of a higher-melting series. Sharp melting points and clearly defined crystal 
forms are lacking. The most probable conclusion is that the 110-115" ester and the 
189-190' acid, though members of a lower-melting series, contain also a small admixture 
of the higher isomers and possible traces of some unidentified compound. 

The above view is further strengthened by the fact that when the pure 175' ester 
is saponified in alkaline solution, the salts of mired acids are formed. From this mixture 
the pure 236' acid, and an acid or acid mixture melting a t  189-190" can be separated by 
fractional crystallization. The change from the pure ester to a mixture of isomeric acid 
salts by hydrolysis in alkaline solution will be dealt with later in this paper. 

An attempt was made to obtain the lower-melting acid in pure condition by pro- 
ceeding in the following manner. Phenylacetaldehyde was united to  benzalpinacolone 
in the presence of sodium methylate. A product melting sharply a t  15g0, of very defi- 
nite crystalline character was obtained. The composition is that of a direct addition 
product, C21Hz40z. This substance proved to be highly stable, thus differing in behavior 
from the ol,@,6-triphenylvalerolactone of Meerwein. 

The Benzoyl Derivatives 

Preparation of the 118" Nitrile of a$-Diphenyl-y-benzoylbutyric Acid.-A yield 
of nearly 90% of this compound (melting a t  116-118°) was obtained by slightly modify- 
ing the procedure of Kohler and Allen. On the basis of the benzalacetophenone em- 
ployed, about a 1070 excess of benzyl cyanide was used and less than one mole of sodium 
methylate in a methanol solution. The mixture was stirred for half an hour a t  the tem- 
perature of the ice-bath, then a t  room temperature. After seeding with nitrile pre- 
viously prepared, a crystalline mass separated out which soon became too thick t o  stir 
conveniently. Ligroin was then added and stirring continued. After two hours of 
vigorous stirring, glacial acetic acid in slight excess in proportion to  the sodium methylate 
was added and the mass filtered off, washed with ligroin, dried and recrystallized. Made 
in this way it is nearly free from the trimolecular body and from the lower-melting nitrile 
of Kohler and Allen. This last named compound, thoroughly investigated by these 
authors, was prepared in this Laboratory in quantity and purity sufficient only to  show 
its relation to the 186187" acid. 

Hydrolysis of the Nitri1es.-The nitrile is dissolved in boiling acetic acid in a flask 
fitted with a return flow condenser. To the boiling solution, drop by drop, a mixture of 
equal volumes of sulfuric acid and water is added. Separation of oily drops of the 
unchanged nitrile indicates that the strong aqueous sulfuric acid solution is being added 
too rapidly. After some time crystals begin to appear in the boiling solution. During 
a period of about six hours, the original acetic acid solution is diluted to  about two 
volumes with the sulfuric acid solution. 

The content of the flask is now poured into cold water and filtered. The crystalline 
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substance retained by the filter is treated in a large beaker with potassium carbonate, 
in slight excess, dissolved in enough boiling water to  hold in solution the difficultly 
soluble potassium salt formed. The undissolved portion is unchanged nitrile and a small 
amount of an unidentified cleavage product. This is filtered off and rejected. The 
filtrate contains the acid sought in the form of the potassium salt, which being diffi- 
cultly soluble in water may partially separate out on cooling. The filtrate is acidified, 
the precipitated acid filtered off, dried and recrystallized using methods described under 
the next sub-heading. 

Hydrolyzed in the above manner, the 118" nitrile yields the 260-261 " acid. The 
lower-melting nitrile gives the 186-187" acid. Hydrolyzing in acid solution is of im- 
portance inasmuch as many nitriles cannot be successfully saponified by sodium or po- 
tassium hydroxides and, further, as previously pointed out by Avery and Maclay for the 
gIutaric series, hydrolyzing in an acid medium a t  moderate temperature does not effect 
a transformation of the lower t- higher series, while the sodium or potassium hydrox- 
ides often cause such transformation. 

Preparation of the Mixed (260-261 " and 186-187 ") a,p-Diphenyl-y-benzoylbutyric 
Acids.-Ten and four-tenths grams of benzalacetophenone and 7.5 g, of methyl phenyl- 
acetate were dissolved in 25 cc. of absolute methanol. To the solution, cooled in an 
ice-bath, 1.15 g. of sodium dissolved in absolute methanol was added. The mixture 
was stirred for half an hour in the ice-bath and then a t  room temperature until it was 
too thick to  stir well. Ligroin was added as a diluent and stirring continued for several 
hours; 5 cc. of glacial acetic acid was added and the stirring continued for half an hour. 
The crystalline mass was filtered, washed with ligroin and dried. The mixed esters 
were then hydrolyzed in acid solution and the mixed acids separated as follows. The 
260-261" acid separated out on cooling from a hot glacial acetic solution of the two 
acids and is obtained in a pure condition by further recrystallization from this solvent. 
The acetic acid filtrates are brought together, heated and water added until a crys- 
tallizing precipitate forms a t  the boiling temperature. On cooling, nearly all of the 186- 
187" acid separates out. By fractional recrystallization from hot benzene, rejecting the 
small portion of the 260-261 " acid that first separates out on cooling, the acid is obtained 
in a nearly pure condition. Recrystallization again from benzene gives the pure 186- 
187 O acid. This is an adaptation of the procedure of Borsche and of Meerwein. 

The Ethyl Ester of the 186-187" Acid.-To complete the series of methyl and ethyl 
esters (for both isomers) the ethyl ester of the lower-melting acid was prepared with 
ethyl alcohol and hydrochloric acid. It is readily soluble in the usual organic solvents, 
crystallizes in long, slender plates or needles and melts a t  100.5 O. 

The Lactones of the a,B-Diphenyl-y-benzoylbutyric Acids.-The 186-187" acid 
dissolves readily in acetyl chloride at the temperature of the steam-bath. The concen- 
trated solution is treated with ligroin and the precipitate formed recrystallized from ter- 
tiary amyl alcohol. I t  separates from this solvent as needles or long prisms, soluble in 
acetic acid, chloroform and benzene, m. p. 136". On heating the solution in acetic acid 
to  boiling, adding 50% sulfuric acid and continuing the boiling for a few minutes, the 
186-187" acid is regenerated. 

The 260-281 acid is less readily soluble in acetyl chloride. The lactone begins to 
separate out before the acid is completely dissolved. After protracted boiling, ligroin is 
added to the flask containing the products of the reaction and the mass is filtered off 
and recrystallized out of a mixture of tertiary amyl alcohol and chloroform. I t  forms 
needles or rods, more difficultly soluble in the ordinary solvents than its isomer, m. p. 
220-222 ", I t  hydrolyzes to the 260-261 acid. 

Anal. Calcd. for C23H1802: C, 84.62; H, 5.56. Found for the 1315' lactone: C ,  
&,30; H, 5.60. Found for the 220-222' lactone: C ,  84.48; H, 5.64, 
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Transformation: The Higher Series the Lower.--Saponification by alcoholic 
potassium or sodium hydroxide of the esters of either series leads to the corresponding 
acid, mixed, however, with a certain amount of the isomer. The action appears t o  ex- 
plain why in some previous investigations an acid melting at  239-240" was obtained. 

Summary 
The points of analogy between the corresponding 8-ketonic and 6- 

car~oxylic acids are considered. 
a,P-Diphenyl-7-trimethylacetylbutyric acid has been synthesized arid 

possible isomeric forms are discussed. 
The work of previous investigators on a,P-diphenyl-7-benzoylbutyric 

acid is reviewed. Discrepancies in the literature are found to  have re- 
sulted mainly from the hydrolysis of pure esters by sodium or potassium 
hydroxide, thus forming isomeric mixtures. Through the preparation 
of new compounds, both series of the isomeric benzoyl derivatives are now 
fairly complete. Resolution of both isomeric acids into optical isomers 
may be anticipated. 

ACTION OF METALLIC SODIUM ON DIPHENYL- AND 
DITOLYLTRICHLORO-ETHANES1 

In a former reportvhe author stated that when diphenetyltrichloro- 
ethane was treated wuth sodium in benzene a good yield of p,pr-diethoxy- 
stilbene was obtained. He was unable at the time to account for the mech- 
anism of the reaction although similar products had been reported from the 
reaction of the same compound with zinc.3 This investigation was under- 
taken to determine the course of the reaction and the nature of the products 
formed. 

It was found that the presence of moisture is essential to the reaction in 
benzene, as in its absence no p,pr-diethoxystilbene could be isolated and 
most of the starting product was recovered unchanged. The reaction ap- 
parently takes the course 
(C~HC,OC~H~)~CHCC~~ + 4Na + He0 --+ 

C2HsOCaH&!H=CHCsH*OCpH6 + 3NaC1 + NaOH 

Pritsch4 found that heating the compound with sodium alcoholate in a 
1 The author was assisted in this work by Irma Magnusson, graduate assistant in 

chemistry a t  the University of North Dakota. 
2 Harris and Frankforter, THIS JOURNAL, 48,3144 (1926). 
a Goldschmidt, Ber., 6, 990 (1874) ; Elbs and Foster, J.  prakt. Chem., 39,298 (1882). 
4 Fritsch and Feldmann, Ann., 306,72 (1899). 



3634 ELWIN E. EiARRIS VO~. 52 

sealed tube for six hours gave a good yield of the stilbene. To keep the 
sodium melted and to raise the temperature, toluene was substituted for 
the benzene. Precautions were taken to  prevent moisture from entering 
the apparatus and all the chemicals were carefully dried. A very vlolent 
reaction took place which in a few cases was uncontrollable and a fire re- 
sulted. The mixture became deep greenish-brown in color. The reaction 
was so complex and so many-products were formed that further work was 
postponed on diphenetyltrichloro-ethane and ditolyltrichloro-ethane was 
substituted in the study. The same kind of reaction resulted except that i t  
was much less violent. About 50% of the starting product could be ac- 
counted for as p,p-dimethylstilbene and about 45% as pip-dimethyltolane. 
The equation is 

It is obvious that rearrangement and intramolecular oxidation have taken 
place. Other studies on this interesting reaction are now in progress. 

Experimental Part 
Apparatus and Materials.-The apparatus used was a round-bottomed flask fitted 

with a dropping funnel, a mercury-sealed stirrer and a reflux condenser. To give plenty 
of room for possible frothing, the Bask had a capacity ten times the volume of the 
contents. The dropping funnel and the condenser were fitted with drying tubes. 

The toluene was treated first with a small amount of sulfuric acid, washed with 
water and 10% sodium hydroxide, then dried over calcium chloride and finally allowed 
to stand over sodium powder for a week or more. It was then distilled from fresh sodium 
with a distilling tube. Only that portion boiling from 110 to 112' was used, and this 
was caught in the flask to be used for the experiment. The sodium was the commercial 
purified form. The crust was removed under toluene and the sodium transferred quickly 
to  the reaction flask. The diphenyl- and the ditolyltrichloro-ethanes were prepared 
according to the method formerly described by the author.2 These were recrystallized 
from toluene just before the experiment. 

Observations 
The Action of Sodium on @,&-Ditolyl-or,a,a-trichloro-ethane in Boiling Toluene.- 

Thirty-one grams of ditolyltrichloro-ethane was dissolved in 150 cc. of the purified tolu- 
ene and placed in the dropping funnel, which was kept warm with a hot cloth, and al- 
lowed to drop onto 14 g. of melted sodium in boiling toluene. It was stirred with an 
electric stirrer to keep the sodium whipped to a very fine powder. A violent reaction 
began almost immediately and lasted for about twenty minutes. The mixture turned 
green. It was then heated for an hour with continuous stirring. The sodium was al- 
lowed to  settle and the toluene solution was decanted off. The sodium was extracted 
several times with more hot toluene and finally treated with alcohol. No organic prod- 
uct was found in the alcoholic solution from the sodium. The toluene solution was con- 
centrated and cooled. p,p'-Dimethylstilbene crystallized out in large plates. These 
were filtered off and recrystallized from benzene, melting point 177"; dibromide, melting 
point 214'. The filtrate was again concentrated and another crop of the substituted 
stilbene separated. The combined portions represented over 45y0 yield from the starting 
product. Alcohol was then added to the filtrate from the stilbene and there separated 



Sept., 1930 m‘l‘ALLIC SODIUM ON 'l'RICHLOR0-ETHANES 3635 

p,pl-dimethyltolane and a yellow compound which did not melt sharply; In. p. 85 to 90 O. 

I t  was very soluble in benzene, and more soluble in alcohol than the stilbene or the 
tolane. Each crystallization of this yellow compound gave a small amount of P,p'- 
dimethyltolane melting a t  135'; dibromide, 204". The addition of a small amount of 
hydrochloric acid to the alcohol from which it was crystallized caused all of the yellow 
compound to change to the tolane. One sample of the yellow compound stood in a tube 
for four years and was found to have changed over to the tolane, melting a t  135'. These 
combined portions of the tolane brought the yield to about 45%, accounting for 90 to  
95% of the starting material. 

The Action of Sodium on j3,j3-Diphenyl-n,n,(~-trichloro-ethane.-The reaction de- 
scribed above was performed with diphenyltrichloro-ethane. In all respects it seemed 
to be much the same as that above, but it has been very difficnlt to isolate the products 
formed. Some of each of the following were found, and converted into their dibromide 
for identification: normal stilbene melting a t  124 (dibromide, 236 ") ; isostilbene, an 
oil (dibrornide, 109 ") and tolane, melting point 60' (tolane dibromide, 208 "). Although 
it was impossible to obtain very large portions of the above compounds from the reaction. 
no other products were found; therefore one would be led to believe that the mechanism 
of the reaction WAS the same as in the first case. 

Attempts to Isolate Intermediate Sodium Compounds.-The above reactions were 
also run in an atmosphere of nitrogen to eliminate the effect of air on the reaction, 
which may decompose any sodium organic complex. Carbon dioxide was then passed 
into the mixture but there was no indication of a reaction to form the acid derivative of 
tolane or stilbene. 

Mechanism of the Reaction.-The formation of an intermediate 
sodium compound would be a simpler method of accounting for the reac- 
tion, but since none could be found, i t  should not be used in interpreting 
the reaction. The mechanism given below is similar to one given by 
Wooster .5 

The second equation should easily iorm a dimolecular compound. If such 
a dimolecular compound was formed, it must have split immediately, with 
rearrangement to form stilbene and tolanes. This wandering of groups is 
similar to that shown by L a ~ h m a n , ~  also by Stieglitz7 and T i f fenea~ .~  This 
reaction is not preceded by the elimination of hydrogen chloride, as was 
suggested in the reaction by W o ~ s t e r , ~  for this would give rise to  compounds 
in which the ethane hydrogen is absent. A study of a reaction in which the 
hydrogen chloride is first removed is to be the subject of another report. 

Wooster, THIS JOURNAL, 52, 1045 (1930). 
Lachman, ibid., 44,330 (1922); 45,1509 (1923). 
Stieglitz, ibid., 36, 272 (1914). 
Tiffeneau, Rw. Gsn. Sci. pur et appl., 583 (1907). 
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Summary 
1. The action of sodium on ditolyltrichloro-ethane in boiling toluene 

results in the formation of p,p'-dimethylstilbene and p,p'-dimethyltolane. 
2. A similar reaction takes place when sodium acts on diphenyltrichloro- 

ethane. 
3. A possible interpretation of the reaction is given, involving the forma- 

tion of monovalent carbon followed by the rearrangement of the phenyl 
groups within the molecule and the redistribution of the hydrogens between 
the molecules. 

GRAND FORKS, NORTH DAKOTA 

[CONTRIBUTION PROM THE RESEARCH LABORATORY, GENERAL ELECTRIC COMPANY j 

T H E  POLYHYDRIC ALCOHOLPOLYBASIC ACID REACTION. 
11. ETHYLENE GLYCOL-PHTHALIC ANHYDRIDE 

Introduction 
I n  the first paper of this series1 the reaction between glycerol and phthalic 

anhydride was described. The changes in properties were shown to be 
gradual and continuous. The conclusion was drawn that although the 
reaction proceeded by esterification, i t  did not necessarily take place with 
the formation of definite mono-, di- or triglycerides, but that a hetero- 
geneous complexity of esters resulted. 

It is interesting to compare the reaction of ethylene glycol and phthalic 
anhydride with the reaction of glycerol and the same acid, for ethylene 
glycol is a smaller and simpler molecule than glycerol. Any differences in 
properties of the resinous products of the reactions should therefore be due 
to  the difference in size and structure of the alcohols. 

Historical.-The reaction of ethylene glycol with phthalic anhydride 
was known to M. J. Callahan2 in 1914, but the resin did not receive com- 
mercial application as soon as that formed from the glycerol-phthalic 
anhydride reaction, because ethylene glycol has not been available in 
considerable quantities until within the last five or six years. Much 
additional work was done by J. G. I%. Wright and co-workers, the authors, 
and others, with the result that certain modifications of the reaction have 
been effected and several novel resins of commercial value have been pro- 
duced. Recently, R. H. Kienle and C. S. Fergusona described the product 
of the ethylene glycol-phthalic anhydride reaction as belonging to a "heat- 

R. H. Kienle and A. G. Hovey, THIS JOURNAL, 51,509 (1929). 
M. J. Callahan, unpublished data and such patents as U. S. Patents 1,091,627, 

1,091,628 and 1,091,732. 
3 R. H. Kienle and C. S. Ferguson, Ind. Eng. Chem., 21,399 (1929). 
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non-convertible" type of film-forming resins. Carothers and Arvin4 gave a 
description of methods of preparing glycol phthalate esters and obtained 
their molecular weights. 

Materials.--C. P. phthalic anhydride (Monsanto Chemical Co.) hav- 
ing a nleltiug point of 131. lo, and ethylene glycol of the best grade furnished 
by Carbide and Carbon Chemicals Corporation, having a specific gravity of 
1.069 and boiling point of 194O, were used. 

Experimental Part 

I. A Study of the Products of the Reaction.-In the first paper of this series1 the 
products of the glycerol-phthalic anhydride reaction were studied and found to  be noth- 
ing more than water and resin. It was concluded that the only reaction involved was 
that of esterification. A similar result was obtained for the glycol-phthalic anhydride 
reaction. 

Using an apparatus as described in our previous paper, the reaction mixture was 
heated in a tared Erlenmeyer flask on a sand-bath. To prevent oxidation, a stream of 
nitrogen carried the vapors evolved through Traps A, B and C where solid, liquid and 
gas were collected, respectively, and then fixally through Trap D which contained a solu- 
tion of rosaniline and sulfurous acid to detect any volatile aldehyde or reducing com- 
pounds which might not condense in the liquid-air trap if blown through too rapidly. 

Stoichiometrical proportions (186 g. of ethylene glycol and 444 g. of phthalic an- 
hydride) were gradually heated from room temperature to 230°. At this temperature 
the mix was maintained for three and one-quarter hours, when it seemed that a final 
equilibrium had been reached. Unlike the resinous product of the glycerol-phthalic 
anhydride reaction, no gelation takes place, so there is no way of knowing how far the 
reaction has gone except by taking out some of the reaction mixture and testing it. 
After cooling, the reaction mixture was found to consist of a clear, transparent, brittle 
resin (yield 568 g.) having the following characteristics: flow point, 69"; acid number, 
22.8; saponification number, 582.8; (calcd.) percentage of esterification, 96.5%. 

The traps A, B and C were disconnected and weighed. The total amount of mate- 
rial collected was 62.0 g., which agreed with the loss in weight of the reaction mixture. 
The amount of phthalic anhydride in each trap was found by titration with standard 
potassium hydroxide solution using phenolphthalein as an indicator. The samples 
were then made acid and tested for the presence of aldehydes using a standard rosaniline- 
sulfurous acid so l~t ion ,~  shaking and allowing to stand overnight. 

Table I shows the results obtained upon examining the products collected 
in the various traps. As in the case of the glycerol reaction, the amount of 
phthalic anhydride evolved is far less than would be expected from watching 
the reaction take place. Most of the material in each trap was a clear 
transparent liquid with melting point approximately zero. Making due 
allowance for the effect of varying quantities of dissolved phthalic an- 
hydride on the melting points of the liquids, nothing but phthalic anhy- 
dride, glycol and water were found. A determination of the amount of 
glycol distilled over was not made. 

The tests for aldehyde were so weak that it is very doubtful whether any 
W. H. Carothers and J. A. Arvin, THIS JOURNAL, 51,2568 (1929). 

"Allen, "Commercial Organic Analysis," 5th ed., Vol. I, p. 324. 
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Trap no.. .............. 
Material coll., g.. ....... 

.... 0.0874 N KOH, cc... 
Equiv. wt. of phthalic an- 

hyd., g... ............ 
Obs. m. p., OC ........... 
Aldehyde test..  ......... 

Odor. ................... 
Remarks. .............. 

Vffy 
doubtful 

Burnt 
sugar 

Detn. of 
amt. of 
glycol 
distilled 
not made 

None 

Burnt 
sugar 

Diff. in 
m. p. from 
product 
in Trap C 
thought to 
be due to 
glycol 

0.094 ... 
Almost exactly 

zero 
Very weak None 

test only at 
very last 
stage of the 
reaction 

Burnt ... 
glycerol 

Phthalic . . , 
anhydride 
present 
both as 
crystals 
and in 
sojution 

Total 
62.0 

166.56 

No aldehyde 
found in the 
reaction mix- 
ture itself 

Inferred 
that water 
and resin 
are only 
products. 

Some phthalic 
anhydride and 
glycol distilled 
over 

reducing substances were present a t  all. Judging by the amount of colora- 
tion when a known amount of acrolein was added to the rosaniline solution, 
there could not have been a total of 0.1 g. of aldehyde present in all three 
traps. No volatile aldehyde was found escaping the liquid-air trap C. 
No aldehyde was detected in the reaction mixture itself. 

Since aldehyde, if present at  all, is in so small a proportion that it can 
scarcely be detected, it is very doubtful whether the mechanism by which 
resins are formed from glycol and phthalic anhydride is through the 
formation of an intermediate aldehyde. The only products of the reaction 
seem to be water and resinous esters, and since the reacting molecules are 
those of an alcohol and of an acid, it is highly probable that the reaction is 
that of esterification. 

11. Kinetic Isothermal Studies with Time.-As in the case of the 
reaction of glycerol with phthalic anhydride, this reaction was followed by 
determining the change of the free acid and of the combined acid with time. 

Preparation of Samples.-The reaction was allowed to proceed a t  atmospheric 
pressure, keeping the conditions as nearly isothermal as possible, while 124 g. of the 
ethylene glycol was weighed out into the reaction vessel and heated up to its boiling 
point, phthalic anhydride was heated in an Erlenmeyer flask slightly above the tem- 
perature a t  which the reaction was to take place to allow for the cooling effect of 
pouring. When ready to start the reaction, 396 g. of the molten phthalic anhydride 
was weighed out into the reaction vessel and stirred up with the glycol. Because of 
the rapid progress of the reaction at  the start, so much heat is evolved in a short time 
that the temperature of the reaction mixture rapidly rises about 40° above the tempera- 
ture that it had at  the instant of mixing. Since the boiling point of glycol is 197.5", 
it was necessary to depend upon this quick rise in temperature when mixing the alcohol 
and acid in order to attain the isothermal conditions for the higher temperature runs. 
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If it was desired to run the reaction a t  lower temperatures, it was necessary t o  coal as 
rapidly as possible with a jet of compressed air until the right temperature was obtained. 
In either case, as soon as the desired temperature was reached, the reaction vessel was 
lowered into a constant temperature oil-bath and the reaction allowed to  proceed to 
completion with the necessary amount of heat supplied to maintain isothermal con- 
ditions. 

Samples of the reaction mixture were pipetted out from time to time and allowed 
to cool rapidly, thus freezing the equilibrium at  that point. This was done oftener in the 
earlier stages than in the later stages, because the reaction was proceeding so much more 
rapidly. The viscosity of the liquid reaction mixture kept increasing as in the case of 
the glycerol-phthalic anhydride, but finally reached a maximum with no gelation taking 
place. Since gelation did not take place, it was possible to carry the reaction practically 
to completion. 

300 

d . 7./& 4 200 
P 

2 
8 

100 

0 100 200 300 400 500 600 
Time, minutes 

Fig. 1. 

(a) Free Acidity.--The change in free acidity with time was determined and re- 
ported both as acid number and as percentage of free phthalic anhydride. Samples 
weighing 1 g. each were dissolved in 25 cc of c. P. acetone and titrated with 0.1 N po- 
tassium hydroxide solution using phenolphthalein as indicator. 

As in the case of the glycerol-phthalic anhydride reaction, the free acidity is re- 
duced to at  least one-half within the first minute after mixing the hot liquids, after which 
it proceeds to completion a t  a greatly diminished rate. The graphical representation of 
the change in free acidity with time is shown in Fig. 1. 

(b) Saponification Number.---The method of determining the saponification number 
differed from the procedure which was used in the first paper' in that the samples, after 
titration for free acidity, were used for the determination of ester number. The samples 
were refluxed for one hour with 50 cc. of normal alcoholic potassium hydroxide solution. 
Upon cooling, titration was effected with 0.5 N hydrochloric acid until the pink color 
of the phenolphthalein disappeared; then 0.5 N potassium hydroxide solution was run 
in until the pink color reappeared. The calculation of ester number was made from this 
titration, which added to the acid number gave the saponification number. Although 
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the saponification number for zero time was calculated as 534.5, actually a lower value 
was obtained for the earliest time at  which the reaction mixture could be sampled. 
Then as the reaction proceeded, the saponification number increased, finally reaching a 
more or less constant value. The observed variation in saponification number was prob- 
ably due to the presence of water, and its subsequent evolution. 

(c) Degree of Esterification.-The ratio of the amount of combined acid to the 
total amount of acid give's the degree of esterification-a measure of the completeness of 
the reaction. The change of this value with time is given in Fig. 2, which shows the 
rapid increase in esterification at  the start of the reaction and the falling off in the rate 
of increase as the reaction approaches completion. 
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Fig 2. 

(d) Variation of Other Properties with Time. 1. Flow Point.--The flow point1 

gradually increases as the reaction proceeds, as is shown in Fig. 3, and reaches a maxi- 
mum of about 80" when the reaction is complete. Since no gelation takes place upon 
further heating, the flow point can always be taken, but has not been found to increase 
appreciably. 

2. Viscosity.-The viscosity of the hot liquid reaction mixture increases, but 
when the esterification is complete, the viscosity appears to have reached a final value. 

3. Density.-The density at  25.0-25.0' was determined using a pycnometer with 
specially distilled mineral spirits (sp. gr. 0.7779) as an inert liquid. The results are in- 
cluded in Table 11. The variation of density with time is found to be quite irregular, 
although there is a definite upward trend throughout the reaction. The same type of 
variation has also been found, by careful check, to exist in the case of the resinous prod- 
uct of the reaction of phthalic anhydride and glycerol.6 

4. Color.-The color change is even less than that of the glycerol-phthalic anhy- 
dride reaction. The resin is clear4 colorless and transparent a t  the start and remains so 
up to the end, when it resembles glass. 

An error has been found in our previous paper [THIS JOURNAL, 51, 509 (1929)l. 
In  Table IIb the density data should read: time 3420 sec., d, 1.376; 3980 sec., d, 1.390; 
5740 sec., d, 1.420; 9720 sec., d, 1.400. 



Sept., 1930 ETHYLENE GLYCOL- PHTHAIJC ANHYDRIDF: 3641 

5. Refractive Index.--The refractive index of the resinous product was found to 
be within the limit5 of 1.560 and 1.570. 

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 
Time in minutes 

Fig 3 

Table I1 shows a comparison of the variations of different properties of a 
set of standard samples taken from time to time with the temperature a t  
190°. 

T A B L ~  I1 

PROPERTIES OF SAMPLES (T, 190') 
Ttme, Free Acid Ester Sap. Refr 
mln. acid, %" no no. no. Ester, % Sp. pr. index 

0 70.48 (534 5) (534.5) 0 ... . . 
3 25.44 196 292 488 60 . . . . . 
4 25.13 185 313 498 63 1.315 . . .  
8 23.07 175 350 525 67 1.311 . . 

1225  21.47 1625 374 536 6 9 8  1.313 . . .  
17.25 21.07 159 5 399 558 71.5 1.319 . . . 
23 25 18 36 139 415 554 75 0 1.326 . . . 
57 16.25 123 403 526 76.5 1.323 . . . 

100 13.25 100.3 450 550 81.5 1.323 . . . 
404 7.28 55 520 575 90 5 1 323 1 560 
544 6.25 48 531 579 92.0 1.366 . . .  
784 4.77 36.0 564 600 94.0 1.325 . . . 

1024 3 8 4  29.0 570 599 95.25 1.339 .,. 
1525 3 5 5  2 6 8  550 577 96.0 . . T  . .% 
2965 1.68 12.7 551 564 97.7 . .  . . .  
3910 1.04 7.9 552 560 98.5 . . . . . . 
5565 0 61 4 6  494 499 99.0 . 1.5rl(F 

* F~rcentage of free acid calculated as phthalic anhydride. 
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TABLE I11 
I~OTHERMS OII FREE ACIDITY AND PERCENTAGE OP ESTERIPICATION CHANGE WITH 

TIME (T, 220') 
Time, min. Acid no. Ester no. Sap. no. Ester, % 

0 (534.5) 0 (534.5) 0 
1.5 183 295 480 62 
3.0 181 314 495 63.5 

13.5 139 347 486 73 
21.5 111 432 543 81.4 
31.5 81 454 535 83 
45.5 64.4 484 548 88.3 
73.5 52.5 494 546 90.5 

158 36.8 523 560 93.6 
233 28 540 568 95 
473 13.1 550 563 97.6 
863 4.98 510 518 98.5 

1133 3.44 602 605 99.5 

TABLE IV 
ISOTHERMAL DATA (T, 230') 

Time, min. Add no. Ester no. Sap. no. Ester, % 

0 (534.5) 0 (534.5) 0 
1.5 148 252 400 63 
2.5 120 286 406 70.5 
6 120 328 448 73.2 

12 116 342 458 74.6 
19 114 385 499 77 
43.5 61.4 448 509 88 
57.5 55 460 515 89.4 
93.5 40.6 500 541 91.5 

183 24.6 525 550 96.6 
303 13.6 540 554 97.6 
403 8.6 530 539 98.7 
553 6.6 540 547 98.9 
733 3.5 535 539 99.5 

TABLE V 
ISOTHERMAL DATA (T, 250 O )  

Time, min. Acid no. Ester no. Sap. no. Ester. % 
0 (534.5) 0 (534.5) 0 
7 145 302 447 67.5 

12 114 390 514 76.8 
18 82.4 430 512 84 
30 46.5 469 515 91 
50 24.2 485 519 95.5 
86 15.4 533 548 97.5 

146 5.7 530 536 99.4 
203 2.46 540 543 99.5 
320 2.70 545 548 99.5 
455 2.10 547 549 99.6 
905 2.01 550 532 99.8 

1085 1.99 535 537 99.8 
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III. The Effect of Temperature.-The reaction of ethylene glycol 
and phthalic anhydride was studied not only a t  190°, but also by making 
runs as nearly isothermal as possible a t  220, 230 and 250'; the results are 
given in Tables 111, IV and V, respectively. The isotherms of free acidity 
are plotted in Fig. 1 and show that the effect of carrying out the reaction a t  
a higher temperature is to reduce the amount of free acid more rapidly than 
a t  a lower temperature. The isotherms of the percentage of esterification 
given in Fig. 2 show the effect of increasing the speed of the reaction by 
increasing the temperature. 

The resinous product of the reaction is completely volatilized a t  400'. 
In the case of the glycerol-phthalic anhydride reaction, i t  was shown1 

that plotting on semi-log paper the time to attain gelation against the 
reciprocal of absolute temperature resulted in a straight line. Since no 
gelation occurs in the ethylene glycol-phthalic anhydride reaction, it is not 
possible to use this transition point as a measure of a particular stage in the 
reaction. However, any definite percentage of esterification furnishes a 
suitable measure of the extent to which the reaction has taken place. 
Thus, taking 95% esterification, although other percentage esterifications 
may be taken equally well, i t  is possible by referring to  Pig. 2 to set up a 
relationship between temperature and the time necessary to reach a definite 
percentage of esterification. The interpolated values of time necessary to 
produce 95% esterification a t  each temperature are given in Table VI. 

Time at which 
esterification = 95% 

Temp., "C.  Temp., "Abs. 1/T X 10 (obtained from Fig. 2), min. 

Plotting these data in Fig. 4 again shows a linear relationship for the 
log time vs. the reciprocal of the absolute temperature. 

Discussion 

The data of the ethylene glycol-phthalic anhydride reaction again show 
that in the formation of polyhydric alcohol-polybasic acid esters, the 
principal reaction is that of esterification, no intermediate aldehyde forma- 
tion occurring. The change in all the properties is progressive and con- 
tinuous, making i t  plausible that the esterification takes place according to  
the chance meeting of the individual alcohol and acid radicals, resulting in a 
mixture of esters instead of the formation of simple mono- or di-esters. 

The ethylene glycol-phthalic anhydride reaction differs from that  of 
glycerol-phthalic anhydride in that the reaction can be carried practically 
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to  completion without gelation, although the kinetic data of the two re- 
actions give similarly shaped curves. This marked change in physical 
properties of the resinous product by simply substituting a dihydric alcohol 
for a trihydric alcohol is significant in theories of resin formation. The 
importance of the number of reacting groups on the inter-reacting mole- 
cules is clearly shown. 

0 - 0 0 0 000000 
N m a -rot-rn-2 8 8 8 888888 O 8 888O88 

m m * a w t - m a s  8 110%8X - 
Time to attain 95% esterification, minutes. 

Pig. 4.-Relationship of time to attain definite percentage esterification us. reciprocal 
of absolute temperature. 

Linear relationship between the reciprocal of the absolute temperature 
and the log of the time necessary to reach a definite percentage of esterifica- 
tion points out how these poly-ester reactions obey Arrhenius' equation7 

relating to  the effect of temperature on chemical reactions 

Since the reaction at each temperature has been carried to the same end- 
point 

1 1 
kl m - and k2 m - 

t 1 k 
theref ore 

Applying this equation to the data given in Table VI, i t  is possible to 
calculate the heat of activation for the reaction, the order of magnitude of 
which is characteristic of many chemical reactions, viz., 22,600 calories. 

Summary 
1. The glycol-phthalic anhydride reaction is similar to the glycerol- 

phthalic anhydride reaction in that: (a) the reaction proceeds by esterifica- 
7 Taylor, "Treatise on Physical Chemistry," D. Van Mostrand Company, New 

York, Vol. 11, p. 900, 
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tion, since water and resin are the only products. No intermediate alde- 
hyde is formed. (b) The reaction, when carried on at a temperature a t  
which both reactants are liquid, goes very rapidly a t  the start, evolving 
heat and is apparently about one-half complete within one minute of 
mixing. (c) As the reaction proceeds under isothermal conditions, the 
free acidity decreases, and the percentage esterification and the flow point 
increase. (d) The properties and appearance of the resinous products are 
similar except that the phenomenon of gelation possessed by the product of 
the glycerol-phthalic anhydride reaction is not possessed by the product of 
the ethylene glycol-phthalic anhydride reaction. 

2. The glycol-phthalic anhydride reaction is dissimilar to  the glycerol- 
phthalic anhydride reaction in that: (a) gelation of the resinous product 
does not take place a t  any temperature a t  which the reaction is carried out. 
The product remains fusible and soluble. (b) The reaction may be carried 
practically to completion, because gelation does not interfere with its 
normal course 

SCHENECTADY, NEW YORK 

SOME NEW DERIVATIVES OF DIPHENYLCARBAMINE 
CHLORIDE 

BY THSODORE XV. RVANS~ AND WILLIAM M. DEHN 
RECEIVED MAY 26, 1930 PUBLISHED SEPTEMBER 5, 1930 

Recently the probable -OM rather than the -NM linking in salts of 
cyclic imides was shown. Since the reactions of metallic sodium on aniline 
and acetanilide are remarkably different, it was thought that the constitu- 
tion of sodium acetanilide is C6H5-N=CONaCH3, rather than CsHrN- 
NaCOCH3. When this salt is treated with RI, etc., the R or other group 
is known to be linked to nitrogen; however, this linking can result from 
either of the two forms of the salt, from the -NNa form by direct substi- 
tution and from the -ONa form by initial addition, followed by a splitting 
off of sodium chloride, as indicated in the equation 

C~HSN=CON~CH~ + RI --+ C6H6NRICONaCHg -+ CsH6NRCOCHa + NaI 

Since diphenylcarbamine chloride2 reacted with many bases to  yield 
additive compounds, it was anticipated that it would react with this salt 
to give some indication of addition. This was found to be the case. 

When the sodium salt of acetanilide is suspended in toluene, treated 
with its equivalent of diphenylcarbamine chloride dissolved in toluene, 

1 The material presented in this paper is part of a thesis submitted by Theodore 
W. Evans, du Pont fellow for 1929-1930, in partial fulfilment of the requirements for 
the degree of Doctor of Philosophy, 1930. 

Platt and Dehn, THIS JOURNAL, 37,2122 (19151, 
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and the mixture is heated gently, a clear solution is ~ b t a i n e d . ~  Since the 
original salt is insoluble in toluene, this clear solution must contain a solute 
other than the original salt or sodium chloride, which latter is precipitated 
from the clear solution by boiling or by merely permitting i t  to  stand. 
After filtering, etc., the acetyltriphenylurea was obtained. 

Similar evidence of the formation of an intermediate additive compound 
was obtained with the sodium salt of acetyl-p-phenetidine and diphenyl- 
carbamine chloride in toluene solution. 

Other condensations were studied. Whereas piperidine reacts exother- 
mically with diphenylcarbamine chloride, pyrrole could be condensed with 
the latter only by employing its potassium salt. The diphenylthiocarbamic 
esters, Ph2NCOSR, formed from the mercaptans, constitute a new type of 
compound. 

Experimental 
The methods studied to produce condensation products were three. 

(A) Equivalents of the compound studied and diphenylcarbamine chloride 
TABLE I 

DERIVATNES OF DIPHENYLCARBAMINE CHLORIDE 
Compound Formula Crystd. Crystal %. p., Nitrogen 

used Method X = PhzNCO- from form C. Calcd. Pound 
Na acetyl C /COCHa Alcohol Prisms 131 7.49 7.27 

phenetidine X-N-C~HIOCZH~ 
COCH~' 

Na acetani- C X-N( Alcohol Prisms 144 8.48 8.38 
lide CaHs 

Na p-Br-acet- C X-N /COCHa Alcohol Prisms 137 6.84 6.95 
anilide \~sH4Rr 

K pyrrole C X-NC4HI Alcohol Needles 117 10.68 10.76 
Piperidine B X-NC6H5 Ether Prisms 110 10.18 9.66 
Sodium B (X)z Toluene Prisms 187 7.14 7.41 
o-C1-aniline B X-NH-CaH6C1 Toluene Prisms 115 8.68 8.37 
m-C1-aniline B X-NH-CtiHdCl Toluene Needles 129 8.68 8.23 
p-C1-aniline B X-NH-CtiH4ClC Toluene Plates 169 S S 
Na ethylmer- 

captan C XS--CsHs Toluene Leaflets 108 12.46 12.07 
Na benzyl Toluene- 

mercaptan C X-SCHz-CeH6 ether Needles 125 10.04 9.55 
Na p-thio- 

cresol C X-S-C~~HICHII Toluene Plates 180-182 10.04 9.79 

OCalcd.: C, 73.77; H, 5.92. Found: C, 74.03; H, 6.10. 'calcd.: C,76.33; 
H, 5.49. Found: C, 76.13; H, 5.53. Calcd.: C1, 10.99. Found: Cl, 11.38. 

3 For a somewhat similar case involving acetoacetic ester see Michael, Ber., 38, 
3217 (1905); this was claimed to be due to colloidal sodium chloride by Paal, ibid., 39, 
1436 (1906). Our case seems to be essentially different from Michael's in that the so- 
dium chloride is much more readily precipitated, and when once precipitated it does not 
redissolve; also, similar solutions are not obtained with metallic salts where addition 
should not be expected, e. g., with the sodium salts of the mercaptans. 
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were melted together. (B) They were boiled for several hours in toluene. 
(C) The sodium salt of the compound to be condensed was heated with 
with diphenylcarbamine chloride in toluene solution. Upon filtering and 
evaporation of the toluene solution, the product usually crystallized out; 
otherwise, ether was added and the solution cooled with ice. The products 
were purified by recrystallization. 

Diphenyl-p-phenetylacetylurea was prepared by method (C) and also 
by direct acetylation of diphenyl-P-phenetylurea. 

1. Diphenylcarbamine chloride reacts with the sodium salt of 
acetanilide to give first an additive compound. This indicates that the 
salt possesses the en01 structure. 

2. A number of new derivatives of diphenylcarbamine chloride have 
been prepared. 

SEATTLE, WASHINGTON 

[CONTRIBUTION FROM THE CCE~EMISTRY LABORATORY OF THE UNIVERSITY OF 

WASHINGTON] 

ORGANIC OXIDATIONS BY IODIC ACID 

This acid has been used only rarely, exclusively in acid solutions and 
almost entirely for producing color effects2 

We have found that iodic acid can be applied in neutral solution, as, 
for example, its characteristic effect on amidol; in acid solutions, with 
most amines and phenols; in alkaline solutions, with mercaptans, thioureas 
and benzoin. Because i t  has no effect on alcohols, most  alkaloid^,^ gluco- 

1 The material presented in this paper is from part of a thesis submitted by Theo- 
dore W. Evans, du Pont fellow for 1929-1930, in partial fulfilment of the requirements 
for the degree of Doctor of Philosophy, 1930. 

For a voluminous bibliography on the color tests for morphine, see Merck's 
"Reagenzien Verzeichnis," 1924. For Strychnine, see Selmi, Ber., 11, 1692 (1902). 
For ernetine, Peroni, Boll. chim. farm., 273 (1907). The naphthols, Vincent, "Mcrck's 
Report," 1902, p. 59. Guaiacol, Guerine, J. pharm. chim., 173 (1903). Adrenalin, 
Frankel and Allers, Biochem. Z., 18, 40 (1904); Ewins, J. Physiol., No. 4, 110 (1910) ; 
Bayer, Biochem. Z., 20, 183 (1906); Krauss, &id., 22, 131 (1908). Since iodic acid 
gives color tests with creatiniie and uric acid [Vitali, L'Orosi, 21, 73 (1898)], the 
following tests for components of urine by iodic acid are doubtful: glucose, Jaworowski, 
Chem. Z., 269 (1907); Z .  anal. chem., 42, 463 (1907); bile pigments, Copranica, ibid., 
22, 626 (1883); acetoacetic acid, Riegler, Pharm.-Ztg., 1902, 249. Aniline was oxidized 
to aniline black, Ostrogovich and Silbermann, B d .  chim. soc. Roman stiinte, 16, 128 
(1913). 

a Warneke, Arch. Phara., 226, 281 (1888), oxidized wrightine to oxywrightine by 
iodic acid; this product by means of other oxidizing agents has been attempted in vain. 
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sides, carbohydrates, etc., it is concluded that it is very selective in its 
action. Symmetrical diaryl thioureas give the corresponding ureas, but 
asymmetrical diaryl thioureas, all tri- and tetra-substituted thioureas are 
without action, as also are the mustard oils, and disulfides, sulfoxides, etc. 

Through the use of iodic acid we have been able to develop improved 
methods of preparation of the disulfides, aryl cyanamides, symmetrical 
diaryl ureas, purpurogallin and benzilic acid. 

Experimental 
A large number of amino and phenolic compounds, alkaloids and gluco- 

sides were tested for the oxidizing effect of iodic acid. The method em- 
ployed was to place in a beaker some aqueous iodate solution, a few milli- 
grams of the substance to be tested, a few drops of acetic acid and pieces 
of silk and cotton cloth. The mixture was boiled until the dye was fixed 
on the fabrics. With the different amino and phenolic compounds every 
imaginable shade of brown was obtained on the silk. In most cases no dye 
was fixed on the cotton; whenever fixed, light browns, buffs and ochers 
were obtained. The diamine and alkylated anilines, especially, gave 
beautiful shades of brown. Some of these amino and phenolic compounds 
will be investigated. 

Color Tests on Silk.-Phenol, light brown; catechol, guaiacol, resorcinol, diresor- 
cinol, deep brown. The naphthols, yellow-brown, eugenol, gold-brown. Quinol, 
brown. Procaine, butyn, anesthesine, p-aminobenzoic acid, light brown. Amino- 
phenol and amidol, red-brown; p-aminophenol, dark brown. Phloroglucinol, blood- 
red. After hydrolysis with hydrochloric acid, phoridzin, through yellow to blood red. 
This is the only glucoside that gave a positive test. Apomorphine, beautiful light green, 
through chrome green to green-black on silk; greenish-gray on cotton. Boldine and 
apocodeine, brown. 

Action on Mercaptans.-A mixture of 3 g. of p-thiocresol, 6 g. of sodium iodate, 
6 g. of sodium hydroxide and 90 cc. of water was heated on the water-bath for an hour. 
When cooled and neutralized, the di-p-tolyldisulfide precipitated. After recrystalliza- 
tion from alcohol it melted at 46 O. 

In an analogous manner dibenzyldisulfide, melting a t  71 ", was prepared. 
Action on Thioureas.-Equal weights of thiocarbanilide, sodium iodate and sodium 

hydroxide in 100 cc. of water were heated to boiling until a plastic mass in the water 
was obtained. If this is filtered hot and washed with water, pure diphenylurea is ob- 
tained. 

In  a similar manner, 3,3'-dinitrothiocarbanilide yielded 3,3'-dinitrodiphenylurea, 
melting a t  233'; phenyl-p-tolylthiourea gave phenyl-p-tolylurea melting at 212". 

Ethyl-N,N1-diphenylthiourea, N,N-methylphenylthiourea and N,Nf-diphenyl- 
benzylthiourea failed to react with iodate. 

Preparation of Aryl Cyanamides.-When a mixture of equal weights of phenyl- 
thiourea, sodium iodate, sodium hydroxide and a double mass of water was heated to 
boiling for ten minutes, then cooled, filtered3 and neutralized with acetic acid, a plastic 

8 In  the preparation of these aryl cyanamides, small quantities of the correspond- 
ing diarylureas always were formed-these constitute the precipitates found a t  this 
point. 
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mass precipitated. After decanting, washing with water and letting stand, i t  solidified. 
I ts  identity was established by heating with aniline, thus forming diphenylguanidine, 
melting a t  147". 

In  a similar manner o-tolylcyanamide and $-tolylcyanamide were prepared. 
The Preparation of Purpwogal1in.-When 100 cc. of a coId aqueous solution con- 

taining 8 g. of sodium iodate is slowly added with constant stirring t o  10 g. of pyrogallol' 
dissolved in a little cold water, the reaction proceeds smoothly with a precipitation of 
7.6 g. of purpurogallin. Assuming the reaction to be 

2C~H608 + NaI03 = CiiHsOa + Cot -k NaI + Hz0 

this is equivalent to  a 92% yield. 
In  order to  test the validity of this equation, the carbon dioxide evolved was de- 

termined by absorbing i t  in a potash bulb. In two determinations each starting with 
10 g. of pyrogallol and 8 g. of iodate, 1.2902 and 1.2899 g. of carbon dioxide were obtained. 
I n  each case the yield of purpurogallin was 6.5 g. These figures represent a 78% yield 
of purpurogallin and a 74% yield of carbon dioxide. This would seem t o  indicate that  
for each molecule of purpurogallin formed a corresponding molecule of carbon dioxide is 
liberated. 

The Preparation of Benzilic Acid.-Benzoin is &rectly convertible into benzilic 
acid by the action of sodium iodate in concentrated sodium hydroxide. When i t  is 
added to a hot concentrated solution of these, the reaction proceeds spontaneously, 
and substantially a quantitative yield of benzilic acid is obtained, in accordance with the 
reaction 

From Pure Benzoin.-To a beaker containing 20 g. of sodium hydroxide and 7 g. of 
sodium iodate, sufficient water is added to make a boiling hot solution; then 20 g. of 
benzoin is put in and stirred with a rod. The purplish colored mixture is then heated 
and stirred. Finally, when the purple color is entirely discharged, sufficient water is 
added to dissolve the solids to  a clear solution. Concentrated hydrochloric acid is grad- 
ually added and the iodine and traces of benzoic acid are expelled by  boiling. On 
cooling, filtering and drying, about 20 g. of crudc benzilic acid is obtained. This is 
dissolved in boiling benzene, filtered and cooled rapidly, when about 18 g. of pure 
benzilic acid is obtained. From the benzene filtrate 2 g. of impure benzilic acid may 
be recovered. The crude benzoin obtained from benzaldehyde may be used directly 
in this preparation, but a lessened yield is obtained. 

Summary 

Iodic acid has been shown to be a very selective oxidant. By its use 
various improved preparations have been developed. 

SEATTLE, WASHINGTON 

4 Various oxidizing reagents have been used to prepare purpurogallin from pyro- 
gallol. These were compared by Perkin and Stevens, who contributed what they con- 
sidered the best reagent, namely sodium nitrite and acetic acid. Their best yields were 
30-40% [J. Chem. Soc., 83,194 (1903) 1. 
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RECEIVED MAY 27, 1930 PUELISHED SEPTEMBER 6, 1930 

A first attempt to study the dispersity of the proteins of milk by means of 
ultracentrifugal methods was made by FBhraeus and one of the present 
writers in 1924.l Cows' milk was submitted to the action of a centrifugal 
field about 1500 times the force of gravity and exposures were taken a t  
intervals of one hour. From the rate of sedimentation and the spreading 
of the boundary it was concluded that the natural casein-or calcium 
casein compound-of milk is a polydisperse colloid of comparatively low 
degree of dispersity, containing particles of radius ranging from about 10 
to 7OPp. The behavior of purified casein in centrifugal fields up to 100,000 
times the force of gravity was studied by Car~en te r .~  The latter investi- 
gation showed that casein is a very unstable protein and that the molecular 
weight and degree of homogeneity of the product depend on the method of 
preparation which has been used. The sedimentation constant for casein 
isolated by the method of Van Slyke indicates a molecular weight around 
100,000 for the bulk of this protein material-a value which is in the 
neighborhood of the molecular weight of serum globulin. Heating to 40' 
for one hour caused an increase in molecular weight to about double, and 
treatment with acidified 70% alcohol a t  40' after the manner of Linder- 
strom-Lang gave a product which possessed a molecular weight nearly 
four times that of the original casein. 

Besides the casein the chief protein constituent of cows' milk is the lactal- 
bumin. It occurs to about 10% of the amount of casein. In view of the 
complicated behavior of casein it was thought to be of interest to collect 
some data concerning the dispersity of lactalbumin in order to see whether 
the very marked instability observed for casein also occurs in the lactal- 
bumin and, therefore, is to be considered as a characteristic of the milk 
proteins. 

Preparation of Lacta1bumin.-Seven thousand cc. of fresh cows' milk of PH 6.7 
and containing some toluene was run through a separator to remove the fat. Saturated 
ammonium sulfate solution was added to 50% saturation and the PH of the mixture 
brought to 5.2 by means of acetic acid. After standing for twenty-four hours in the 
ice box the precipitate of casein and globulin was centrifuged off and saturated ammo- 
nium sulfate solution added to 80% saturation. After twenty-four hours in the ice 
box the albumin precipitate was centrifuged off and washed with a weak solution of 
ammonium sulfate. The precipitate was dissolved in water and brought to crystalliza- 

T. Svedberg, Kolloid-Z., 51, 10 (1930). 
T. Svedberg, I,. M. Carpenter and D. C. Carpenter, THIS JOURNAL, 52, 241, 701 

(1930). 
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tion a t  room temperature by the addition of ammonium sulfate and sulfuric acid.3 The 
crystals were dissolved in water, dialyzed against toluene-saturated water a t  5 O  until 
the sulfate reaction was negative and iinally electrodialyzed with a current density 
of 0.6 milliampere per sq. cm. for thirty hours. No precipitation occurred during the 
electrodialysis; volume of solution 175 cc.; concentration 0.74% (Material I). 

Another sample of lactalbumin was made up from an equal quantity of milk pro- 
ceeding as described above but omitting the crystallization process. The volume of the 
linal solution was 200 cc. and the concentration 3.14% (Material 11). 

Specific Volume, Isoelectric Point and Light Absorption of Lacta1bumin.-The 
partial specific volume was measured pycnom- 
etrically a t  20'. Material I1 was used and l5 
determinations were carried out in electrolyte- 
free solutions a t  3.14 and 2.04%. The values 
agreed within experimental error and gave V = 
0.750. 

The isoelectric point of Material I1 was de- lo 

termined by means of the photographic cata- 
phoresis method worked out in this Laboratory < 
by A. Tiselius.4 The protein was found to be 
electrochemically inhomogeneous and to possess 
an isoelectric point of approximately Pa 5.2. 5 

The light absorption was measured on Ma- 
terial I1 by means of the Judd-Lewis spectro- 
photometer. The solution was electrolyte-free, 
of concentration 0.1% and thickness of layer of 
2.0 em. The specific extinction coefficient e/c = 
1 /cd X log Io/I (where c is the concentration, d 400 300 2 00 
the thickness of the solution, Io the intensity of Wave length. pp. 

the light beam after passing through the solvent Fig. 1. 
and I the intensity after passing through the same 
thickness of solution) had a maximum value of 10.6 at  a wave length of 2 7 9 ~  and a 
minimum value of 3.6 a t  255pp. In Fig. 1 the absorption curve is given. 

Molecular Weight and Sedimentation Constant of Lacta1bumin.- 
A sedimentation equilibrium measurement was carried out on the crystal- 
lized Material I a t  a speed of 11,200 r. p. m. The protein concentration 
was 0.10% at  the start and the solution 0.025 M in KHZPO4 and 0.025 M 
in Na2HP04, giving a PH of 6.8. The molecular weight was calculated 
from the relation 

where Ii is the gas constant, T the absolute temperature, V the partial 
specific volume of the solute, p the density of the solvent, w the angular 
velocity and c2 and cl are the concentrations at the distances xz and XI 

from the center of rotation. 
The values of the molecular weight were not independent of the distance 

A. Wichmann, 2. physiol. Chem., 27, 575 (1899). 
A. Tiselius, "Dissertation," Upsala, 1930. 
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from the center of rotation but varied from 12,000 a t  a distance of 5.50 cm. 
t o  25,000 a t  a distance of 5.90 cm. 

I n  Table I are given the results of two sedimentation velocity runs made 
on Materials I and 11. 

I,ACTALBUMIN SEDIMGNTATION VELOCITY RUNS 

Solvent P a  of Concn. of 
Material KHxPO,, M NazHP04, M soln. protein, % Szoo X lola Remarks 

I 0.019 0.001 5 .5  0.27 2.22 a 
I1 .025 .025 6 .8  .63 2.95 b 

" Strong drift in diffusion constant; trace of non-centrifugible material. 
Drift in diffusion constant; no non-centrifugible material. 

Material I1 was again tested after having been left for three months 
in the ice box. The sedimentation constant was approximately the same 
but about 15% of the protein was broken up into a non-centrifugible sub- 
stance. 

The drift in the values of the molecular weight with distance from the 
center of rotation as well as the drift observed in the apparent diffusion 
constant shows that lactalbumin is not homogeneous with regard to molec- 
ular weight. In this respect therefore it resembles casein. 

Direct Ultracentrifugal Analysis of Milk and of LPctalbumin at Differ- 
ent  Stages of Purification.--The fact brought out by the above measure- 
ments that lactalbumin is not homogeneous with regard to molecular weight 
made i t  desirable to study the dispersity of this protein a t  different stages 
during the process of purification in order to ascertain whether the in- 
homogeneity is caused by the procedure of isolation. 

Sedimentation velocity runs a t  high speed (centrifugal force about 100,- 
000 times the force of gravity) during three to four hours a t  a temperature 
of 20-23' were used for testing the material. 

Fresh milk (PH 6.8) was first centrifuged without any treatment a t  all. 
At the high speed used the casein is thrown down in a few minutes. After 
that  period only a very slight sedimentation occurred (Fig. 2A, time be- 
tween exposures, one hour). The bulk of the light-absorbing material 
(65-80%) was non-centrifugible. Addition of acetic acid until a molarity 
of 0.02 was reached with a PH of 5.8 had no effect on the sedimentation. 
The PH of the milk was then raised to 10.3 by the addition of sodium 
hydroxide until the molarity was 0.02. The sedimentation remained the 
same. Dilution of the milk with water or with a 2% solution of ammonium 
sulfate to two-ninths of the original concentration slightly increased the 
sedimentation. 

In order to eliminate the influence of viscosity caused by the presence 
of the lactose, a sample of milk containing toluene was dialyzed against 
water for three days in the ice box. Only a slight increase in sedimentation 
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occurred. Addition of 5% ammonium sulfate to the dialyzed milk had 
no effect. 

These experiments show that untreated milk and milk the PH of which 
has been lowered to 5.8 or raised to 10.3 and milk treated with ammoniuni 
sulfate up to 5%, or milk which has been freed from lactose and salts by 
dialysis contain but a small quantity of lactalbumin of the degree of dis- 
persity observed in the product isolated by the usual method. In the milk 
the lactalbumin is present in a very much higher degree of dispersity than 
in the finished laboratory product. 

A lowering of the PH of the milk to 4.1 either by the addition of hydro- 
chloric acid or acetic acid raised the sedimentation constant slightly above 
2 X 10-l3 and converted part of the 
non-centrifugible material into centri- 
fugible substance. 

A sample of milk was half saturated 
with ammonium sulfate, the casein- 
globulin precipitate removed and the 
solution dialyzed against water in the 
ice box for two days. The sedimenta- 
tion constant was identical with that 
for lactalbumin as determined above. 
The non-centrifugible material had de- 
creased considerably and now only 
amounted to about 20% (Fig. 2 B, 
time between exposures one-half hour). 

A similar experiment was performed 
with milk from which the casein had 
been removed by precipitation with 
acetic acid. The product showed the 
same properties as the one just de- 
scribed. 

T o  another sample of milk was added 
ammonium sulfate to saturation. After 
standing for twenty-four hours in the Fig. 2.  
ice box the precipitate was dialyzed 
against water until the sulfate reaction was negative (five days). The 
casein-globulin precipitate was removed and the solution tested in the 
ultracentrifuge; the sedimentation constant and amount of non-centrifu- 
gible material were as before. 

The treatment to  which the milk was subjected in the last three experi- 
ments is identical with the chief processes of isolation used for the prepa- 
ration of lactalbumin. As a matter of fact this treatment brought about 
a considerable change in the properties of the original albumin of the milk 
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toward the properties found in the "purified" lactalbumin. The sedi- 
mentation constant was practically the same but the material still con- 
tained about 20% of non-centrifugible substance. 

For the sake of comparison a picture of the sedimentation of the purified 
lactalbumin (Material 11) is given in Fig. 2 C (time between exposures 
forty min.). 

From the above experiments i t  is obvious that the lactalbumin is an 
artificial product built up during the process of "purification" from some 
material of low molecular weight present in the milk. The degree of dis- 
persity or molecular weight of this non-centrifugible material we have not 
as yet made any attempt to determine. We have ascertained that it is 
almost completely precipitated by saturation with ammonium sulfate and 
that it does not diffuse through collodion bags. From the centrifuging tests 
i t  follows that the molecular weight cannot be higher than about 1000. 
The molecular weight of the "purified" lactalbumin was found to range 
from 12,000 to 25,000, which shows that the molecular weight of the original 
lactalbumin of the milk has been raised many times in the "purification" 
process. 

The expenses connected with these experiments have been defrayed by 
a grant from the foundation "Therese och Johan Anderssons Minne." 

Summary 
1. The molecular weight and sedimentation constant of lactalbumin 

prepared from cows' milk were determined by means of the ultracentrifugal 
methods. 

2. Lactalbumin is not homogeneous with regard to molecular weight. 
Values ranging from 12,000 to 25,000 were observed. The mean sedi- 
mentation constant lies between 2 and 3 times 10-13. 

3. The observed inhomogeneity of lactalbumin suggested ultracentrif- 
ugal tests at  different stages during the process of purification. 

4. It was found that lactalbumin with the properties observed in the 
"purified" product does not exist in the milk, but is formed during the 
process of "purification," especially by the action of ammonium sulfate of 
high concentration. 

5. The bulk of the material from which the lactalbumin is formed has a 
low molecular weight not exceeding 1000. The comparatively high molec- 
ular weight of the final product is a result of gradual aggregation of the 
material of low molecular weight originally present in the milk. 

6. The pronounced instability of casein with regard to molecular weight 
as found by Carpenter also occurs in lactalbumin and this property is, 
therefore, probably a characteristic of the milk proteins and may be of 
considerable physiological importance in nutrition. 

UPSALA, SWEDEN 
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REDUCTION REACTIONS WITH CALCIUM HYDRIDE. 
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Oxidative methods used a t  present for the determination of sulfur in 
sulfur-containing oils and rubber are time-consuming and painstaking. 
Having obtained satisfactory results by the reductive method for deterrnin- 
ing the sulfur content of sulfates, using a preliminary heating with calcium 
hydride, it seemed desirable to apply this method to the sulfur analysis of 
other substances. 

When volatile sulfur-containing compounds are to be dealt with, as in 
rubbers or oils, we would no longer be able to carry on open heatings with 
calcium hydride as in a sulfate analysis. The volatile sulfur-containing 
compound must be mixed with the powdered hydride in a bomb and the 
whole heated to around 750'. The residue from such heatings should 
contain all the sulfur as calcium sulfide, which as a water-soluble sulfide 
may be iodimetrically determined. 

Materials.-In order to test this new method as to its applicability 
in sulfur determinations on oils and rubbers, many samples of varying sulfur 
content were obtained. Definite sulfur percentages on these oils as 
determined by oxidative and reductive methods are given in Table I. 
Eight sulfur-bearing oils, used in industry as cutting and lubricating oils, 
were analyzed. 

Ten different rubber samples obtained from rubber companies were also 
ground to a finely divided state, sampled and analyzed. The variance in 
the nature of these rubber samples, with results of analyses upon them, 
are to be noted in Table 11. 

It was found difficult to prepare finely divided samples of these rubbers 
such that an intimate mixture could be made with the powdered hydride. 
Some of the rubbers could be cut into shreds with scissors and then into 
small cubes. This is laborious and one still does not have the rubber 
finely divided. The best method was to use an emery wheel, which quite 
readily ground the rubber into a finely divided condition. This was 
especially true of the hard and semi-hard rubbers, and on grinding them a 
suitable powder was obtained which with calcium hydride gives an intimate 
mixture. The softer rubbers and gums on being ground would yield 

1 This paper is prepared from the latter part of a dissertation on reduction reactions 
with calcium hydride, presented by William E. Caldwell in partial fulfilment of the re- 
quirements for the degree of Ph.D. The first part was published in Tms JOURNAL, 
51,2936 (1929). 



particles which would again agglomerate. An intimate heating mixture 
was impossible in their case and our later results show that we had a 
correspondingly low result in sulfur percentage due to incomplete action 
with the calcium hydride. 

Bombs.-Small bombs of about three-fourths of a cubic inch capacity 
were used. In the course of the work bombs of different design were used 
in endeavoring to hold all the gas formed within the bomb. The require- 
ments for a bomb for this work are quite stringent. Because the mass 
within must be heated to about 800°, the bomb must withstand that 
temperature and a copper gasket must be used. An attempt was made to 
estimate the pressure that would be reached in the bombs. 

Assuming that a 1-g. sample of an oil with an average molecular weight 
of 224 is taken, and that the gas capacity of the one-half filled bomb is 
about 10 cc. 

224 g. of oil would yield 22,400 cc. of gas at 0" and 760 mm. 
1 g. of oil would yield 100 cc. of gas at 0 O and 760 mm. 
P, 1 atm.; V,  10 cc. air + 100 cc. (potential volume of oil vapor); T, 273'K.: 

P', x; V', 10 cc.; T', 1073 OK. 

PV P'V' - = -  
T T' 

P' = 43.2 atm. 
43.2 X 14.7 = 625 pounds per sq. inch 

Considering these assumptions, a pressure of six hundred and twenty-five 
pounds per square inch may be built up in the bomb. The pressure could 
be more if cracking of the oil to smaller molecules occurred or if an oil of a 
smaller average molecular weight were taken. Pressure might also be 
developed by decomposition of the hydride to calcium and hydrogen 
vapors. However, the pressure may be considerably less in that much 
calcium carbide is formed and organic matter thus combined in the solid 
state. 

Accordingly a bomb must be made of materials of such thickness as to 
withstand these pressures and temperatures. On the other hand, a bomb 
of as little weight as possible is desired so that heating and cooling may 
be rapid. 

It is admitted that we have not developed a wholly satisfactory bomb for 
use in this work. Bombs have allowed gas to leak by the gaskets and 
through the threads. This is considered then to be the source of low 
results in the determination of sulfur in very volatile oils containing low 
molecular weight mercaptans, disulfides, etc. 

Solutions and Calcium Hydride.-Carefully standardized 0.1 N iodine 
and sodium thiosulfate solutions were used as in previous work for de- 
termining the water-soluble sulfide in the residue after the heating of sulfate 
compounds with hydride. A calcium hydride powder of less than sixty 
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mesh was used in intimate contact with the oil and rubber in a manner 
similar to that in the work on insoluble sulfates. 

Experimental 
Sulfur Content of Oils. -Weighed amounts of the oils are poured into the bomhs 

containing about 7 g. of the powdered calcium hydride. The oil is quite readily mixed 
with the hydride by means of a small glass rod. A gram or two more of the hydride is 
pressed into the bomb over the oil-powder mixture. The bomb is tightly sealed and 
quickly heated to  redness in a muffle furnace or over a Mkker burner. After the bomb 
has been a t  a bright red heat for ten mirlutrs it is allowed to cool. The contellts are 
readily removed from the bomb and placed in a 500-cc. Erlenmeyer flask. The residue 
is moistened with about 20 cc. of dry alcohol. This is to  prevent dusting, which would 
occur if water were immediately dropped upon the hydride. Water is now slowly added 
to the moistened fusion mass from a dropping funnel which is above a reflux condenser 
a t  the bottom of which is placed the Erlenmeyer flask. After the excess hydride and 
the carbide formed have been decomposed, additional water is added t o  make a solution 
of about 400 cc. It is well to  add some ice in place of a portion of the water so that 
the solutions will be cool for a better end-point in ensuing titrations. 

Before iodine titration, the mass is placed in a liter beaker and an excess of concen- 
trated hydrochloric acid added with a minimum of stirring. The large volume of water 
is necessary to  dissolve and hold the hydrogen sulfide obtained on acidifying the calcium 
sulfide solution. 

The resulting hydrogen sulfide solution is titrated for sulfur content with the 0.1 
N iodine solution, one cubic centimeter of the iodine solution being equal t o  0.0016 g. 
of sulfur. 

Sulfur Content of Rubber.-Rubber samples are treated in a manner similar t o  that 
for oils except that the powdered rubber is intimately stirred into the finely divided hy- 
dride. 

Sample weights of the oils and rubbers are taken so that one can expect a 10-53 
cc. iodine titration. For substances expected to  contain less than 3% sulfur, a sample up 
to 1.5 g. is taken. For a hard rubber of around 20% sulfur, a 0.25-g. sample should 
suffice. 

Table I gives the results of sulfur analysis on oils by Eschka's oxidative 
method compared with percentage sulfur as determined by the above out- 
lined reductive method. Samples 1-8 are on cutting and lubricating oils, 
the sulfur having been incorporated into these products by heat and pres- 
sure. The sulfur compounds so formed are not volatile at  low temperature. 

Three samples of petroleum oil were analyzed both by Sschka's and our 
methods. Neither method gave check results or indicated the total sulfur 
in these oils. Such an oil of low sulfur percentage and containing very 
volatile sulfur compounds must be treated by some digestion and oxida- 
tive method. 

Table I1 lists results of sulfur analyses on rubbers by oxidative and 
reductive methods. Some other rubbers were tried with discouraging 
results. These rubbers were mainly of a sticky nature such that  an inti- 
mate mixture of their macerated form could not be made with the powdered 
calcium hydride. 
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Oil no. 

I 

S content 
(Eschka's 

method), % 

SULFUR CONTERT OF Ons  

S content 
(CaHz method), O/o 

6.80 
6.91 
2.46 2.49 
2.50 2.25 
4.63 4.61 4.40 
4.54 4.62 4 .63  
4.82 4.53 
1.78 
1.73 
0.33 
0.40 
2.10 
2.11 

Remarks 

High sulfur oil. Used 0.7-g. sample. 
Heavy viscous oil 
Heavy black oil 

Heavy black oil 

Animal or vegetable oil. Contains 
Hz0 

Light oil, some oleic acid, water, little 
S 

Light, somewhat volatile oil 

A solid, fatty substance 

Oil not wholly homogeneous. Heavy 
black oil 

TABLE I1 

SULPUR CONTENT OF RUBBERS 
Sample Sulfur Sulfur 

no. (oxidative), % (CaHz method), % Remarks 

1 22.61 21.40 A very hard black rubber. Powders readily 
22.50 22.40 on grinding 

2 1.77 1.9 Soft, but grinds to fluffy powder 
3 1.35 1.44 Brown shoe sole 
4 1.83 1 83 Black crumbly rubber 
5 1.29 1.25 Pink crumbly rubber 
6 2.15 2.19 A piece of tire. Hard to macerate 
7 2.76 2.63 2.51 Shoe sole or belting 
8 2.75 2.68 Black rubber plate 
9 1.63 1.58 1.58 Rubber casting 

10 29 6 29.3 29.8 Ground fountain pen casing 

Miscellaneous Sulfur Determinations.-Two 0.05-g. samples of free 
sulfur were heated in bombs with 5 g. of calcium hydride. The cooled 
residue on analysis for water-soluble sulfide gave results corresponding to  
0.0512 and 0.0496 g. of sulfur. Thus free sulfur may be determined within 
a 2% error even on such small samples. 

Samples of sodium thiosulfate were similarly treated to determine their 
sulfur content. Considering the sample to be NazSzOa.5Hz0 it would con- 
tain 25.8% of sulfur. An average of our analyses showed it to contain 
25.34%. 
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Discussion of Results 
It is evident from a consideration of results obtained that the method 

here presented of determining sulfur in insoluble sulfates may be extended 
to the determination of sulfur in oils and rubbers when one uses a gas-tight 
bomb instead of the open crucible. All of the sulfur in the organic ma- 
terial is converted to calcium sulfide when heated to 700' in contact with 
calcium hydride. The water-soluble sulfide thus formed may be deter- 
mined by iodimetry. The method lends itself most readily to  determina- 
tions in rubbers and oils of high sulfur content, and presents itself as a rapid 
method for the determination of sulfur in this type of material. 

Summary 
1. Sulfur may be determined in sulfurated oils by fusion of the oils 

with calciu& hydride, followed by an iodine titration on an acidified solu- 
tion of the fusion residue. 

2. A method of determining the percentage of sulfur in some rubbers is 
presented. 

3. By this method it is possible to determine the percentage of sulfur in 
free sulfur, sodium thiosulfate and similar sulfur-containing compounds. 

COMPOSITION OF THE GUM PRODUCED BY ROOT NODULE 
BACTERIA 

BY E. W. HOPIUNS, w. H. PETERSON AND E. B. FRED 

One of the most striking characteristics of the root nodule bacteria is 
the gummy or viscous nature of the colonies or streak cultures. The mucin- 
ous appearance of the cultures has been reported by many investigators1 

and has been attributed to the formation of dense capsules by the organ- 
isms. What function the gum performs in the metabolism of the bacteria 
or in their relation to the host plant is not known. Grieg-Smith2 suggests 
that the gum is used by the plant and built into nitrogenous compounds, 
while Maze8 is of the opinion that the gum itself is the nitrogenous com- 
pound supplied the plant by the bacteria. That the latter assumption is 

1 (a) M. W. Beijerinck, Bot. Ztg., 46, 754 (1888); (b) G. F. Atkinson, Bot. Gaz., 
18, 157 (1893); (c) I,. Hiltner, Centr. Bakt., I1 Abt., 6 ,  273 (1900); (d) M. Dawson, 
Phil. Trans. Roy. Soc., B193,51 (1900). 

R. Grieg-Smith, Centr. Bakt., I1 Abt., 30,552 (1911). 
. a M .  Ma&, Ann. de I' Inst. Pasteur, 12,l (1898). 
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incorrect was shown by Buchanan4 and Fred,s who found that the purified 
gum contained no nitrogen. 

The properties and composition of the gum have not been thoroughly 
investigated. Much of the work has been of a qualitative nature, and in 
no case have the hydrolysis products been conclusively identified. 

The nitrogen-free gums of clover6 and ot bean4 root nodule bacteria were 
found to give on hydrolysis reducing sugar which was assumed to be glucose. 
According to Beijerinck,' the slime producing strains of B. radicicola form 
a "cellulan" a type of gum. which, contrasted with the dextrans and levu- 
lans, is not fermentable by Granulobacter saccharobutyricum. Grieg- 
Smithe prepared gum from cultures of lupine and pea nodule bacteria which 
had specific rotations of +29.7 and 31.7', respectively. These gums con- 
tained small amounts of nitrogen and on hydrolysis gave a sugar which 
from its reducing power and optical rotation appeared to be almost entirely 
glucose. A phenylosazone, separated into two fractions with melting points 
205 and 1 9 3 O ,  thus similar to those of glucose and galactose, was re- 
ported, but the author gives no information as to how these were obtained or 
analyses of their composition. Owing to the lack of particulars, it is im- 
possible to  decide whether the author had an osazone of galactose or merely 
a slightly impure glucosazone. It is well known that a slight impurity 
markedly lowers the melting point of an osazone. In a later paper by the 
same a ~ t h o r , ~  the gum of bean root nodule bacteria was reported as con- 
sisting of glucose and galactose, and the specific rotation of the gums of 
bean, pea and lupine root nodule bacteria is given as +2g0. Kram&r

g 

hydroyzed B. radicicola gum, and prepared a phenylosazone which was 
apparently glucosazone. Its melting point was 205'. As far as present 
knowledge goes, the gum of the root nodule bacteria presumably contains 
glucose, but there has as yet been no conclusive proof of the presence of 
this sugar. As to the question of the existence of galactose as a constituent 
of the gum, the evidence is much less convincing than that for glucose. 
In  our own work the gum has been found on hydrolysis to give glucose and 
a uronic acid, but no fructose, mannose, galactose or pentoses have been 
found among the hydrolysis products. 

Experimental 

Preparation of Samples.-The gums studied in this work were pro- 
duced from cultures of root nodule bacteria of three different cross-inocula- 
tion groups. The strains used were Rhizobium meliloti 100 (alfalfa), three 

R. E. Buchanan, Centr. Bakt., I1 Abt., 22, 371 (1908). 
6 E. B. Fred, Virginia Agr. Expt. Sta. Report, 145 (1911-1912). 

G. E. Gage, Centr. Bakt., I1 Abt., 27, 7 (1910). 
7 I. W. Beijerinck, Fol. Microbial., 1, 377 (1912). 
8 R. Grieg-Smith, Proc. Linn. Soc. of New South Wales, 31, 264 (1906). 
9 E. KramC, Centr. Bakt., I Abt., 87,401 (1921). 
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batches, preparations 1, 2 and 3; Rhizobiuna frijolii 205 (clover), three 
batches, preparations 4, 5 and 6; .Rhizobium trifolii 201 (clover), one batch, 
preparation 7 ; Rhizobium leguminosarum 3 11 (pea), two batches, prepara- 
tions 8 and 9. The media used in the preparation of these samples and 
the yields of gum in grams per liter are given in Table I. 

THE COMPOSITION OP THE CULTURE MEDIA USED I N  THE DIFFERENT BATCHI~S 
Alfalfa Red clover Pea 

Preparation, g /liter Preparation, g /liter Preparation, g./lites 
Compounds 1 2 3 4 5 6 7 8 9 

. . .  Sucrose . . .  10.0 10.0 . . .  . . . . . ~  . . .  . . .  
Mannitol 10.0 . . .  . . .  10.0 10.0 10.0 6.0 10 .0  6 . 0  
Peptone . . .  0 . 5  0 . 5  . . .  . . .  . . .  . . .  . . .  . . .  
KNOI . . .  . . . . . .  0.2 0 .2  0 .2  . . .  0.2 ... 
NaN03 . . .  . . .  . . .  . . .  . . .  . . .  0.05 . . .  0.05 
NaCl 0 .2  0.2 0 . 2  0.2 0.2 0.2 0 .1  0 .2  0 . 1  
MgSOd 0 . 2  0.2 0 . 2  0.2 0.2 0.2 0 .1  0 .2  0 . 1  
KzHP04 0 .4  2 .0  2.0 0 . 5  0 .5  0.5 0 . 4  0 . 5  0 .4  

... CaC03 0.4 . . .  . . .  1.0 3 . 0  . . .  . . .  . . .  
. . .  . . .  CaSOd . . .  0 . 1  0 .1  0.1 0 .1  0 .1  0 . 1  

Yeast water, 
... . . .  . . .  . . . . . .  . . .  ... 10% 5 cc. ... 

Agar 16.0 ... ... ... 20.00 20.0 15.0 ... 13.0 
Yields of gum 

(dry weight), 
g. per liter 0.686 0.481 0.706 0.530 0.665 1.052 0.295 1.019 0.290 

The general procedure for preparing the samples was first to test the purity of the 
cultures a t  the end of fermentation by inoculating sterile litmus milk and potato slants. 
All contaminated cultures were discarded. In the case of the agar cultures, the sur- 
face growth was washed from the agar and filtered through a thick layer of absorbent 
cotton to remove any pieces of agar. The liquid cultures were so viscous that dilution 
was usually desirable. The gum solution and bacterial suspension was then run through 
a Sharples supercentrifuge rotating a t  a speed of about 42,000 r. p. m. This treatment 
removed most of the bacteria from suspension, while the gum remained dissolved in the 
liquid. Concentration of the gxm solution was effected in a vacuum pan a t  60" and the 
gum precipitated by adding two volumes of acetone. This precipitate was redissolved 
in warm water and again precipitated, and a second resolution and precipitation con- 
ducted in the same manner for further purification of the gum. The stringy coagulum, 
when dried, gave a grayish-yellow cake, which was ground to an impalpable powder 
and dried to constant weight. 

It was observed that when calcium carbonate was used in the medium, the gum pre- 
cipitated as a stringy mass, while in the other media, it came down as flocculent particles. 
Better precipitation of the gum was found to take place in all cases when calcium chloride 
was added to the gum solution. This procedure was then followed to insure a maximum 
yield of the gum. This improved precipitation may be due to a chemical union of cal- 
cium with the gum-later work showed that the gum molecule contains a sugar acid. 

Analytical Methods.-The ash was determined by ignition of 50-mg. 
samples. Uronis acid anhydride determinations were made by the pro- 
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cedure of Dickson, Otterson and Link.lo The term "uronic" acid is here 
applied to glucuronic and galacturonic acids. Decarboxylation of the uronic 
acids is effected by means of hydrochloric acid and the carbon dioxide driven 
off estimated by absorption in alkali. For pentosan determinations, the 
Youngburg" micro-method of distillation with phosphoric acid was used. 
Sugars were determined by the micro-method of Stiles, Peterson and Fred.12 

Composition of Gum.-In Table XI are given the analytical results. 
The ash content of the samples is not consistent. Gum from agar cultures 
contained less ash than that from liquid cultures inasmuch as the separa- 
tion from the salts of the medium was more easily accomplished in the 
former cases. 

TABLE I1 

ANALYTICAL DATA ON THE DRY GUM PRODUCED BY THE ROOT NODULE BACTERIA 

Uronic Pentosans Reducing 
acid (apparent) Pentosans sugar as 

anhydride, furfural X (actua1)b glucose 
ash-free 1.71 (ash- (ash- (ash-free 

Prepn." Sample Ash, % basis. % free), % free), % hasis). % 
1 Rhizobium meliloti 100 a 6.1  4 . 1  7 . 5  6 . 2  72.8 
2 Rhiobium meliloti 100 b 52.8 6 . 8  4 . 3  2 . 2  
3 Rhizobium meliloti 100 c 26.2 4 . 5  5 .9  4 . 5  
4 Rhizobium trifolii 205 a 15.5 22.1 11.3 4 . 5  
5 Rhizobium trifolii 205 b 9 . 6  24.8 16.4 8 . 6  
6 Rhizobium trifolii 205 c 7 . 9  22.3 16.1 9 . 2  7 5 . 2 6 7 . 3  
7 Rhizobium trifolii 201 9 . 2  25.3 10 5 2 .7  82.2 75.6 
8 Rhizobium leguminosarum 

311 a 21.6 19.3 10.3 3 . 9  61.2 52.8 
9 Rhizobium leguminosarum 

311 b 10.8 22.0 12.6 5 .8  
a I n  Sample 1, calcium carbonate in medium but no calcium chloride was added to 

the gum solution. In  Samples 2 and 3, no calcium carbonate in medium and no calcium 
chloride was added t o  the gum solution. I n  Samples 4 and 5, calcium carbonate was 
present in the medium and calcium chloride was added t o  the gum solution. In Samples 
6, 7, 8 and 9, no calcium carbonate in medium, but calcium chloride was added t o  the 
gum solution. (Total furfural - furfural from uronic acid) X 1.71. 

The uronic acid content of the gums shows great variation. Pea and 
red clover nodule bacteria gums contain between 19.3 and 25% of the acid 
anhydride, while the gum of alfalfa nodule bacteria contains only about one- 
fourth as much anhydride. 

In  the calculations of the pentosan figures given in Table 11, the furfural 
obtained by the Youngburg method of analysis was multiplied by 1.71, 
the average figure given in aijber's tablesla for a like calculation. The 

lo A. D. Dickson, H. Otterson, and K. P. Link, THIS JOURNAL, 52, 775 (1930). 
11 G. E. Youngburg, J. Biol. Chem.. 73,599 (1927). 
l2 H. R. Stiles, W. H. Peterson and E. B. Fred, J. Bact., 12, 427 (1926). 
'a C. A. Browne, "A Handbook of Sugar Analysis," John W i e y  and Sons. Inc., 

New York, 1912. 
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general trend of the figures is toward high values when the uronic acid con- 
tent is high, and low figures for the samples which contain less uronic acid. 

The sixth column in Table I1 is headed "Pentosans (actual)." Both 
uronic acids and pentoses will yield furfural when heated with phosphoric 
acid, If the amount theoretically obtainable from the uronic acid is sub- 
tracted from the total furfural a small difference is left. This remainder 
was calculated to pentosans, and the values are given under the column 
headed "Pentosans (actual)." The figures vary from 2.2 to  9.2%. 

The last column of Table I1 gives the percentage (ash-free basis) of 
reducing sugar calculated as glucose which was yielded on hydrolysis of 
the gums. The amount of reducing substance obtained ranged from 52.8 
to 82.2% of the ash-free gum. Although the reducing effect was calculated 
as glucose, the reduction is not necessarily due to this sugar alone, since 
other substances such as furfural or uronic acid would likewise reduce 
Fehling's solution. Our results are not in agreement with those of Grieg- 
Smith,8 who reported that the gums of pea and lupine nodule bacteria were 
hydrolyzed quantitatively to reducing sugar. 

Hydrolysis of Gums, and Identification of Sugars by Chemical Means 
Tests were made on Preparation 1 (alfalfa nodule bacteria) to ascertain what con- 

ditions of hydrolysis gave the maximum yield of sugars. Five per cent. (by weight) 
sulfuric acid was used as the hydrolytic agent. Although refluxing the acid solution of 
the gum for ten hours produced the maximum yield of reducing sugar (72.9), autoclaving 
for two hours a t  15 pounds' steam pressure was a more convenient method of hydrolysis 
and gave only a slightly lower yield of sugar (68.4%). The latter method was therefore 
adopted as the general procedure. The acid was neutralized with barium carbonate, 
the barium sulfate filtered off, washed free of reducing sngars and the filtrate evaporated 
to about 50 cc. At this point decolorization was effected with bone charcoal and the 
filtrate again evaporated to a small volume. On pouring this sugar solution into four 
volumes of 95% alcohol, a floccuient precipitate formed at once. This precipitate was 
probably uronic acid. Ehrlich and von Sommerfeld14 obtained barium galacturonate 
from the hydrolysis of pectins a t  this point. The precipitate gave a strong naphtho- 
resorcinol test for uronic acid. A mucic acid test was negative, so that the acid seems to  
be glucuronic. All of the preparations of which the hydrolysis products were studied 
(Numbers 1, 6, 7, 8) gave strong naphthoresorcinol tests. Work is now in progress t o  
identify this acid by the preparation of its characteristic derivatives. 

Hydrolysis of Preparation 1.15 (Alfalfa Nodule Bacteria Gum.)--The carbon 
content of this preparation was found to be 40.6% when analyzed by the micro-method of 
I.ochte.16 Analysis for total nitrogen by the Kjeldahl method gave no nitrogen beyond 
the experimental error. 

The gum was hydrolyzed by the procedure already given and glacial acetic acid was 
added to the concentrated sugar solution. Crystallization took place after several days. 
The crystals were filtered off, washed with glacial acetic acid, redissolved in a minimum 

l4 F. Ehrlich and R. v. Sommerfeld, Biochem. Z., 168,263 (1926). 
l6 The work on the preliminary hydrolyses, the crystallization and identification of 

glucose was performed by Mr. W. B. Sarles. 
I6 H. L. Lochte, THIS JOURNAL, 48,1301 (1926). 
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quantity of water and again recrystallized after the addition of glacial acetic acid. After 
filtering and washing, the crystals were dried to  constant weight in a vacuum desiccator. 
The  weight of sugar obtained was 0.3158 g. This sugar was dissolved in 25 cc. of water, 
a drop of ammonia was added to bring about constant rotation and readings were made in 
a 200-mm. tube a t  20 O :  reading, f7.75 " Ventzke scale, [a12 +53.2 O ;  [a]: for d-glucose, 
t52.8".  

Hydrolysis of Preparation 7. (Red Clover Nodule Bacteria Gum.)-The sugar 
was used for qualitative tests, and osazone preparations. Qualitative tests: aniline 
hydrochloride and phloroglucinol tests for furfural were positive. A uronic acid, as 
well as a pentose, would yield furfural under the conditions of these tests. Grieg-Smithsv2 
reports that  the gums which he examined gave furfural on hydrolysis. 

T o  the sugar in solution, phenylhydrazine hydrochloride and sodium acetate were 
added in amounts such that the ratio of the three compounds was 1, 2, 3. Yellow crys- 
tals formed after seventeen minutes heating in a boiling water-bath. The crystals were 
filtered off, recrystallized twice from a mixture of pyridine and 50% alcohol and twice 
from pyridine alone. The crystals occurred in fan-shaped aggregates of yellow needles. 
The melting point was 204'. 

The osazone of glucose was prepared in the same way and recrystallized four time.; 
from pyridine. The preparation melted a t  204'. Browne13 gives the melting point of 
phenylglucosazone as 204-205 ". 

Hydrolysis of Preparation 6.-The pheliylosazone of the reducing sugar was pre- 
pared as previously indicated and purified by six recrystallizations from pyridine. I t s  
melting point was 204'. 

Qualitative tests for mannose (hydrazone test) and fructose (Seliwanoff test) were 
made on the sugar solution after hydrolysis of the gum with negative results in both tests. 
When mannose and fructose equivalent t o  5% of the total reducing sugar present were 
added t o  the hydrolysis product, positive tests were obtained. I t  is probable, therefore, 
t h a t  if these sugars are contained in the gum molecule, they constitute only a small 
percentage of the total sugar. 

Hydrolysis of Preparation 8. (Pea Nodule Bacteria Gum.)-The phenylosazone 
of the sugar was prepared, and recrystallized seven times from pyridine. The melting 
point was 204'. Qualitative tests were made for mannose and fructose as under the 
hydrolysis of Preparation 6, and both tests were negative. 

Identification of Sugar by Fermentation Tests 
The above evidence shows that glucose is a constituent of the gum, but 

that  fructose and mannose are absent. The work of Grieg-Smiths,2 indi- 
cates the possibility of the presence of galactose. Pentoses may also be 
present, as was suggested by the furfural figures (Table 11). The chemical 
determination of such a mixture of sugars would be difficult, if not impos- 
sible. It should be possible, however, by means of fermentation tests to 
prove the presence or absence of these sugars. This method of sugar de- 
termination has been suggested and used in various ways. Kluyver17 
used yeast alone for the sugar determination, while Sherrard and Blanco18 
used yeast fermentation followed by fermentation with bacteria. By 
means of galactose and non-galactose fermenting yeast, the presence or 
absence of this sugar could be demonstrated. Likewise, the use of twa 

l7 A. J. Kluyver, "Biochemische Suikerbepalingen," Thesis, Delft, 1914, 223 p. 
l8 E. C. Sherrajd and G. Pi. plapco, Ind. Eng. Chem., 15,611 (1923). 
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strains of bacteria, one fermenting xylose but not arabinosc, the other using 
arabinose and not xyltase, might be used in the determination and identifica- 
tion of any pentoses present. The organisms selected for this purpose 
were the following: Schisosaccharomyces pombe, Saccilaromyces cerevisiae, 
yeast, EIoney B and lactic acid-producing organisms Nos. 19 and 36. The 
Snccharomyces cerevisiae yeast was obtained from a single cell isolation. 
The yeast called "Honey B" was isolated from fermenting honey. Schizo- 
saccharomyces $ombe and Honey B ferment glucose but not galactose, while 
the Succharomyces cerevisiae ferments both glucose and galactose. Culture 
No. 36 ferments xylose, but leaves arabinose untouched, while Culture 19 
ferments arabinose, but not xylose. Analysis of a mixture of known sugars 
by means of these organisms was first made to determine whether the 
method would give satisfactory results. The sugar solutions were added 
to a 10% extract of fresh starch-free yeast and the PH adjusted to  5.2; 10- 
cc. samples of this solution were pipetted into test-tubes, the tubes plugged 
with cotton and sterilized. Inoculations of the tubes were made as indi- 
cated in Table 111, and after eight days' incubation a t  2 8 O  the remaining 
sugar was determined in 1 cc. drawn from each culture tube. The re- 
maining liquid was resterilized, sterile calcium carbonate added and in- 
oculated with the pentose-fermenting bacteria. Sugar analyses were made 
on the cultures after ten days' incubation at 37'. Table I11 gives the re- 
sults of the experiment, and indicates that satisfactory checks can be ob- 
tained by this method. The slight decrease in sugar in the uninoculated 
controls (Tubes 7 and 8 )  is probably due to loss on sterilization. 

ANALYSIS OR KNOWN MIXTURES OR SUGAR BY MEANS OF YEASTS AND BACTERIA 
Tubes Tubes Tubes Tubes 
1 and 2 3 and 4 5 and 6 7 and 8 

Yeast fermentation 

Yeast Saccharo~nyces Schizosacchuro- Honey B Uninoculated 
cerevisiae myces pombe 

Type of sugar Glucose and Glucose Glucose . . . . . . . . . .  
fermented galactose 

1 2 3 4 5 6 7 8 
Before, mg. 101.5 101.5 101.5 101.5 101.5 101.5 101.5 101.6 
After, mg. 27.3 26.6 49.9 49.2 48.7 47.8 99.7 99.7 
Should be present, mg. 24.2 24.2 49.0 49.0 49.0 49.0 101.5 101.5 

Bacterial fermentation 

Bacteria No. 36 NO. 19 No. 36 No. 19 No. 36 No. 19 Uninoculated 
Type of sugar Xylose Arabi- Xylose Arabi- Xylose Arabi- 

fermented nose nose nose 
Before, mg. 27.3 26.6 4 9 9  49.2 48.7 47.8 99.7 99.7 
After, mg. 11.8 13.6 12.4 12.4 13.4 12.5 94.3 95.4 
Should be present, mg. 11.4 12.8 11.4 12.8 11.4 12.8 101.5 101.5 

The sugar solution in each tube contained the following amounts of sugar: glucose, 
52.5 mg.; galactose. 24.8 mg.; xylose, 12.8 mg.; arabinose, 11.4 mg.; total, 101.5 mg. 
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The fermentation test just described was applied to the hydrolyzed 
solution of Preparations 6 and 8. 

Fermentation Test on Preparation 6. (Red Clover Nodule Bacteria Gum.)--0.532 
g. of sugar in solution was taken for the fermentation test. This solution was concen- 
trated, yeast water added and the PH adjusted to 5.2; 10-cc. portions of this solution 
were then pipetted into each of four test-tubes and the tubes sterilized. Three of the 
tubes were inoculated with yeast which would ferment only glucose, Honey B and 
Schizosaccharomyces pombe, and the other one with the yeast which would ferment both 
glucose and galactose, Saccharomyces cerevisiae. The tubes were incubated a t  28'. 
Eight days after inoculation the cultures were made up to 10 cc., and 1 cc. was re- 
moved. This was then made up to 5 cc., and 1 cc. of this last dilution taken for micro 
sugar analysis. 

As has been indicated, the presence of pentoses was suggested by the furfural data 
(Table 11). The pentoses present would be most likely to be arabinose and xylose, it  
being more probable that there would be only one of these in the molecule. In order to  
decide this question, the solutions fermented by the yeast were submitted to bacteria 
fermentations. Yeasts do not normally attack pentoses, especially in the presence of a 
hexose, so that the pentose, if present, should still be in solution. The control fermenta- 
tion of the mixture of known sugars showed that the pentoses were not attacked by the 
yeast. The remaining sugar solution after the yeast fermentation was again sterilized 
in tubes and sterile calcium carbonate added. Pure cultures of the lactic acid bacteria 
were inoculated into the tubes of sugar solution, and incubated a t  38' for twelve days. 
At the end of that time the contents of each tube were madeup to 10 cc., and 1 cc. of this 
solution was taken for micro sugar analysis. 

The results of the two fermentations are given in Table IV. The yeast fermentation 
gave results which showed that the hexose was glucose, or that if galactose was also pres- 
ent, it  was so in insignificantly small amounts. The difference between the amount of 
sugar fermented by the two bacterial cultures was so slight as not to permit the conclusion 
that  pentoses were present. Typical fermentation data are given in detail in Table IV. 
The extent of recovery of galactose when added to the gum sugar solution was tested in 
later experiments: 98-100% was destroyed by the galactose-fermenting yeast and 3.8% 
fermented by the non-galactose fermenting yeast. 

FERMENTATION OF SUGARS PROM PRGPARATION 6 (RED CLOVER ROOT NODULE 

BACTERIA GUM) 
Tube l Tube 2 Tube 3 Tube 4 

Yeast fermentation 
Yeast Honey B Honey B Saccharomyces Schizosaccha- 

cerm'siae uomyces pornbe 
Type of sugar fermented Glucose Glucose Glucose and Glucose 

galactose 
Before, mg. 267 267 267 267 
After, mg. 26.6 24.7 22.3 26.6 
Sugar fermented, mg. 240.4 242.3 244.7 240.4 

Bacterial Fermentation 
Bacteria No. 36 No. 19 No. 36 No. 19 
Type of sugar fermented Xylose Arabinose Xylose Arabinose 
Before, mg. 26.6 24.7 22.3 26.6 
After, mg. 16.0 16.6 15.6 16.8 
Sugar fermented, mg. 10.6 8.1 6.7 9 .8  
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A second fermentation experiment (data not given) was conducted in the same man- 
ner as the one above. Saccharomyces cereazkiae and Schizosaccltcsromyces pornbe were the 
yeasts used in this experiment, since Honey B grew more slowly and gave no additional 
information. The percentage of sugar fermented by the yeasts was higher in this ex- 
periment than in the first. The reducing substance remaining after the yeast fermenta- 
tion is probably uronic acid, which is generally believed to be unfermentable by yeasts. 
The controls of known sugars show that the yeast fermentation is complete to  the 
extent of nearly one hundred per cent. In the gum sugar solutions the bacteria do not, 
then, ferment only the portion of the hexose left by the yeast, but also a part of some 
other reducing substance still in solution. I t  may be possible that they are able to fer- 
ment the uronic acid. At the same time this fermentation does not indicate the presence 
of a pentose. The difference in percentage of fermentation of the sugar by the yeast 
between the first and second fermentations may be explained by the fact that in the first 
fermentation calcium carbonate had been used to neutralize the acid after hydrolysis 
of the gum, while in the second fermentation, barium carbonate was used. Since 
barium salts are generally less ssoIuble than calcium salts, there was probably more com- 
plete removal of the uronic acid when barium carbonate was used. The reducing ma- 
terial left after the yeast fermentation appears to be the uronic acid, or its salts. 

In the second bacterial fermentation of the sugars produced by hydrolysis of Prep- 
aration 6, the sugar contents of only two of the six tubes used in the fermentation could 
be determined. The other four tubes contained some material which prevented the ap- 
pearance of the usual iodine end-point. In these cases, after titration to the end-point, 
the blue color reappeared. 

Fermentation Test on Preparation 8. (Pea Root Nodule Bacteria Gum.)-The 
fermentation test was conducted in the same manner as was given under the fermentation 
of Preparation 6, two complete sets of fermentations being made in this case as in the 
one above. In Table V it will be seen that the extent of fermentation of the sugar by 
yeast is not as great as it was on the sugars from Preparation 6. The presence of 
galactose is not indicated by the results obtained. 

The percentage of hexose fermented by the yeast in the second fermenta- 
tion (Prepn. 8) was larger than it was in the first. This is probably due, as 
seemed to be the case with the fermentation of sugars from Preparation 6, 
to the use of barium carbonate instead of calcium carbonate as the neutral- 
izing agent of the hydrolysate in the second fermentation. 

The bacterial fermentation in the second fermentation gave results 
which did not indicate the presence of a pentose. 

Table V gives a summary of the results of the fermentations on the hy- 
drolyzed gum of Preparations 6 and 8. The figures given under each 
preparation are the average of two complete fermentation tests like that 
represented in Table IV. A comparison of the percentages of sugar fer- 
mented by the galactose and non-galactose fermenting yeast indicates that 
if galactose is present at  all, it is so in amounts of 1% or less. Likewise, 
the bacterial fermentations demonstrated that there is less than 1% of a 
pentose present, and it is likely that no pentose is present at  all. The small 
differences between these fermentations cannot safely be attributed to any 
other cause than the biological variation inherent in such a method. The 
results of the yeast fermentation tests show that the hexose obtained on 
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hydrolysis of the gum of both red clover and pea root nodule bacteria gum 
was glucose. The bacterial fermentations do not give evidence of the 
presence of a pentose sugar. 

THE C O ~ ~ P O S I T ~ O N ,  AS  SHOWN BY FERMENTATION TESTS, OF THE GUM SUGAR OBTAINED 

PROM HYDROLYSIS OP PREPARATIONS 6 AND 8 
Preparation 6 Preparation 8 
Percentage of Percentage of 

total sugar total sugar 

Glucose fermenting 
Yeast g2 '6)  93.1 ::::} 83.2 Galactose and glucose fermenting 93 . 6  

Xylose fermenting 
Bacteria { Arabinose fermenting 
Unfermented reducing substance 

Conclusions 

Root nodule bacteria of three cross-inoculation groups were grown in pure 
culture on synthetic media, and the gum produced was precipitated with 
acetone. The gum of the root nodule bacteria of alfalfa, Rhiaobiurn me& 
loti 100, was nitrogen-free, The carbon content of this gum was variable, 
being 40.6% in one sample, and 36.4% in another. Glucose was crystal- 
lized from the gum solution after hydrolysis, and identified by its specific 
rotation (-I-53.2'). 

Glucosazone was prepared from hydrolyzed gum produced by pure cul- 
tures of red clover root nodule bacteria, Rhizobium trijolii 205 and 201, 
and pea root nodule bacteria, Rhizobium leguminosarum 311. Fermenta- 
tion tests of the sugar from these two gums by pure cultures of known yeasts 
also indicated that the sugar was glucose. Fermentation tests by pure 
cultures of pentose-fermenting lactic acid bacteria showed the absence of 
a pentose sugar. 

The gums of Rhizobium meliloti 100, Rhizobium trifolii 205 and 201, 
and Rhizobium leguminosarum 311 contain uronic acid in amounts varying 
between 4.1 and 25.3% ash-free basis. 

All of the results up to the present time inhcate that these gums of the 
root nodule bacteria are complexes of glucose and a uronic acid, probably 
glucuronic acid. 

MADISON, WISCONSIN 
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[C)ONTRIBUTION FROM THE EXPERIMENTAL STATION, HERCULES POWDER COMPANY] 

THE VISCOSITIES OF GLYCEROL TRINITRATE AND CERTAIN 
RELATED GLYCOL NITRIC ESTERS' 

Introduction 

During a general study of glycerol trinitrate and certain glycol dinitrates 
need arose for data on the viscosities of these substances. A search of the 
literature revealed only a small amount of data and the values which were 
reported covered a very limited temperature range. It was then necessary 
to undertake the task of determining these viscosities and determinations 
were made at  five-degree intervals over the temperature range 10 to 60°, 
inclusive, on highly purified samples of the following esters: propylene 
glycol dinitrate, ethylene glycol dinitrate, trimethylene glycol dinitrate, 
diethylene glycol dinitrate and glycerol trinitrate. 

Naoiim2 tabulates viscosities at  20° for four of the esters included in the 
present investigation. The data are given in seconds required to  run 
5 cc. out of a 10-cc. pipet, as follows: propylene glycol dinitrate, 5.0 sec- 
onds; ethylene glycol dinitrate, 5.0 seconds; trimethylene glycol dinitrate, 
5.5 seconds, and glycerol trinitrate, 12.5 seconds. -4 calibration of the 
pipet with water required 4.5 seconds for the time of flow. The results 
indicate that the viscosities of the esters are only slightly greater than the 
viscosity of water, with the exception of glycerol trinitrate, which appears 
to be about 2.5 times as viscous. More reliable values were determined by 
Rinkenbach3 for glycerol trinitrate and diethylene glycol dinitrate between 
15 and 27O. In an earlier communication4 he gives values for the vis- 
cosities of ethylene glycol dinitrate and glycerol trinitrate a t  23.6O. These 
values are included for comparative purposes in the tables of viscosities for 
the present work. 

Materials.-The nitric esters were prepared from the corresponding 
glycols by nitration with a mixture of nitric and sulfuric acids as described by 
Crater.5 After neutralization, washing and thorough drying, determinations 
of the specific gravity and nitrogen content were made for each compound. 
The results given in Table I indicate compounds of a high degree of purity. 

1 Presented before the Division of Inorganic and Physical Chemistry a t  the 76th 
Meeting of the American Chemical Society, Minneapolis, Minnesota, September 9 to 
13, 1929. 

2 N a d m ,  "Nitroglycerin und Nitroglycerin Sprengstoffe," Julius Springer, Berlin, 
1924, p. 234. Also Lawrie, "Glycerol and the Glycols " The Chemical Catalog Compny, 
Inc., New York, 1928, p. 340 

Rinkenbach, Ind. Eng. Chem., 19,925 (1927). 
4 Rinkenbach, ibid., 18,1195 (1926). 
5-Crater, Ind. Eng. Chem., 21,674 (1929). 



J. MERRIAM PETERSON Vol. 52 

TABLE I 
SPECIFIC GRAVITY AND NITROGEN CONTENT OF ESTERS 

Specific gravity 15'/15O Nitrogen, % 
Material Formula Pound Literature Found Calcd. 

Propylene glycol dinitrate C~HS(NO~)~ 1.3939 1.368 (20 ")" 16.85 16.87 
Ethylene glycol dinitrate GHA(NO~)~ 1.4956 1.4963" 18.31 18.42 
Trimethylene glycol di- 

nitrate CaHa(NOs)* 1.4703 1.393 (20 O)" 16.81 16.87 
Diethylene glycol dini- 

trate C&IsO(NOa)z 1.3901 1 .  3908b 14.24 14.29 
Glycerol trinitrate CsHs(N03)3 1 .5978 1.599" 18.42 18.51 

" NaoGm. ~inkenbach. 

Method.-A Bingham and Jackson6 viscometer was used to determine 
the viscosities of the esters. While this instrument is of the pipet type, 
i t  eliminates most of the objections so common to many of the pipet 
methods and is capable of giving absolute values for viscosity in c. g. s. 
units. A correction may be applied when necessary for the kinetic energy 
of the liquid measured, a correction which is too often overlooked or 
neglected in viscosity determinations. 

The method consists essentially in measuring the time of flow of a given 
volume of liquid (about 4 cc.) at  a specified temperature and under a known 
constant pressure, through a capillary tube which has been previously 
calibrated. Details of the instrument and method may be found by re- 
ferring to  the original paper. 

Temperature was held automatically to =tO.1° of that desired by 
means of a large, well-stirred water thermostat controlled by a mercury 
regulator in conjunction with a relay and knife type lagless heater. Pres- 
sure was supplied from a tank filled to any desired pressure directly from 
the compressed air line and was measured by an open-end mercury mano- 
meter. Corrections were made to reduce the manometer readings to  mm. 
of mercury at 0'. The tank was of sufficient size so that there was no per- 
ceptible drop in pressure resulting from the small quantity of air removed 
during a determination. Time measurements were made with a stop watch 
accurate to 0.2 second. 

Calibration and Calculations.-The viscosities were calculated by 
the formula 

C'P q = cfit - - 
t (1) 

where q is viscosity of the substance in c. g. s. units (poises), C and C' are 
constants of the individual instrument, t is time in seconds, f l  is pressure in 
grams per square centimeter and p is density of sample in grams per cubic 
centimeter. 

The second term of the right-hand member of the above equation is the 
Bingham and Jackson, Sci. Papers of the Bureau of Standards, No. 298 (1917) 
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kinetic energy correction, which is kept small by keeping t comparatively 
large. For this reason C' and p need not be known with great accuracy. 
The density of the ester used in this correction was calculated from the 
specific gravity values given in Table I. 

The value of the constant C' was determined from the dimensions of the 
instrument as outlined by Bingham.? The value of the constant C was 
obtained by filling the viscometer with freshly distilled, dust-free water and 
determining the time of flow at 20°. The value used for the viscosity of 
water at  20° was 1.005 centipoises. Table I1 lists the constants of the 
two instruments used. 

CONSTANTS OF VISCOMETERS 
Capillary Volume of 

length. Radius, buib, cc. 
Viscometer mm. mm. (20°) C C' 

Instrument 1 121.0 0.169 4.08 6.416X10-7 0.01504 
Instrument 2 120.0 0.244 4.02 2.851 X 10-6 0.01494 

Data.-In Tables 111, IV, V, VI and VII are tabulated summaries 
of the viscosity data obtained. Four to six determinations were made a t  
each temperature for each substance; the number in each case is given in 
the first column of each table. The temperature of the liquid at the time 
of the determination is given in Col. 2, the average of the values for the 
separate viscosity determinations is tabulated in Col. 3 and the maximum 
deviation of the individual determinations from the average viscosity is 
recorded in Col. 4. The fluidity in rhes (reciprocal viscosity in poises) 
was calculated and is given in Col. 5. The values for the viscosities of the - 
esters at  the corresponding temperatures as reported by previous 
investigators, Rinkenbach (indicated by R) and NaoGm (indicated by N), 

Detns. 

6 
5 
4 
5 
4 
4 
4 
4 
4 
4 
4 

Temp., 
OC. 

10.0 
15.0 
20.0 
25.0 
30.0 
35.0 
40.0 
45.0 
50.0 
55.0 
60.0 

Av. 

?. poises 

Max. dev. 
from mean 
(in poises) 

0.0001 
.om1 
.0002 
. 0000 
.oooo 
. 000 1 
. 0000 
.moo 
.moo 
. 0000 
.oooo 

Av. Reported 
C. $. 

rhes poises 

18.0 
21 .o 
24.6 0.0155 (N) 
28.2 
31.9 
36.0 
40.7 
45.3 
49.3 
54.6 
58.5 

' Bingham, "Fluidity and Plasticity," McGraw-Hill Book Company. Inc., New 
Pork, 1922, p. 295. 
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Detns. 

4 
4 
4 

Temp., 
OC. 

10.0 
15.0 
20.0 
23.6 
25.0 
30.0 
35.0 
40.0 
45.0 
50.0 
55.0 
60 0 

V~scos~Tles OP ETHYL~NE GLYCOL DINITRATG 
Av. Max. dev. Av. Reported 

V. from mean 'PI 

pokes (in poises) rhes ?. polses 

0.0573 0.0002 17.5 
,0487 .0001 20.5 
,0421 . O N 1  23 8 

0 0166 (N) 0 0363 (K) 
.0369 .0001 27 1 
,0329 .0001 30 4 
.0292 . 0000 34.3 
,0260 .0001 38 5 
,0236 .0001 42.5 
,0214 ,0001 46.7 
.0195 .0001 51.3 
,0182 .0001 54.9 

VISCOSITIES OF TRIMSTHYLENE GLYCOL DINITRATE 
Av. Max. dev. Av. Reported 

Temp., 9, from mean rp, 
OC. poises (in poises) rhes ?* parses 

10.0 0 0851 0.0001 11.8 
15.0 .0706 .0002 14.2 
20.0 .0597 ,0002 16.8 0.0179 (N) 
25.0 .0501 .OOO2 20.0 
30.0 ,0436 .0002 22 9 
35.0 .0388 ,0002 25.8 
40 0 .0344 .0001 29.1 
45.0 .03 10 . 0001 32.3 
50.0 .0282 .0001 35.5 
55.0 .0258 ,0001 38.8 
60.0 .0233 .0001 42.9 

Av. Max. dev. Av. Reported 
Temp., ?. from mean rp, 

Detns. 'C .  po~ses (in poises) rhes ?. pmses 

8.40 
10.3 0.099 (R) 

.085 (R) 
12.4 .078 (R) 

.073 (R) 
14.9 .070 (R) 

.066 (R) 
17.5 
20.1 
22.9 
26.1 
28.6 
32.7 
36.4 
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TABLE VII 

VISCOSITW OP GLYCICROL TRIMITRATE 
Av, Max. dev. Av. Reported 

T$mp., ?, from mean V S  n, 
Detns. C. pozses (in poises) rhea poises 

4 10 0.692 0 002 1.45 
4 15 '491 . 000 2.04 0.511 (R) 

17.5 .423 (R) 
4 20.0 .360 . 000 2.78 .355 (It) 0.043 (N) 

22.5 .303 (R) 
23 6 .m (R) 

5 25 0 .270 . 000 3.70 ,283 (R) 
27 .258 (R) 

4 30 .210 . 000 4.76 
5 35 .I68 ,001 5.95 
4 40 .I36 . 000 7.35 
4 45 .I12 . 000 8.93 
G 50 .0938 .0002 10 7 
4 55 .0792 ,0001 12.6 
4 60 .0680 . 0000 14.7 

are given in the last column. Naoiim's values were converted to c. g. r, 

units, for comparative purp.oses, by the equation 

where 7, p and t represent the viscosity, density and time of flow, respec- 
tively, for the unknown and T,, po and t, represent similar quantities for the 
standard substance (water). 7, was taken as 0.0100 poises a t  20° and p, 

was taken as 1.0. 

Discussion of Results 

Pressure measurements ranged from 10.04 to 163.23 cm. of mercury. 
The maximum error was probably not greater than 0.2 mm., which would 
result in an error of not more than 0.27,- in the calculated viscosities even 
at  the lower pressures. The times of flow varied from 490.6 to 45.6 seconds. 
Except in the case of ethylene glycol dinitrate, however, the times of flow 
were over 200 seconds. An error of 0.2 second in the time measurements 
would cause an error of not more than O.lyo in the calculated values, except 
with ethylene glycol dinitrate, where the error may reach 0.4%. By using 
an accurately controlled thermostat and waiting several minutes for tem- 
perature equilibrium of the sample to be reached after each change in the 
thermostat temperature, the error from this source was negligible. The 
total error in the final results is thought to be not greater than 0.25% fcrr 
the individual determinations and this appears to be justified by stn 

examination of the maxium deviation from the mean as given in the tables. 
The average viscosities when plotted against temperatures give smooth 

curves, as shown in Fig, I. Considering the fact that the plotted viscosities 
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are the mean of four to six closely agreeing, duplicate values, the resulting 
curves should be in error by not more than 0.1%. This is within the 
limitations associated with the purification of the compounds studied. 

It is interesting to note that the values are almost the same for propylene 
glycol dinitrate and ethylene glycol dinitrate, while the values for the two 
isomers, propylene glycol dinitrate and trimethylene glycol dinitrate differ 

\ 

0.16 

0.14 

I 

\ 

0.04 
\ 

0.02 

10 20 30 40 50 60 
Temperature, OC. 

Fig. 1.-viscosity-temperature curves of esters: 1, propylene 
glycol dinitrate; 2, ethylene glycol dinitrate; 3, trimethylene 
glycol dinitrate; 4, diethylene glycol dinitrate; 5, glycerol trini- 
trate. 

considerably. Such a marked increase in the viscosity of glycerol tri- 
nitrate might not have been expected. Because of its large coefficient of 
viscosity with temperature in this temperature range, the upper part of the 
viscosity curve, Fig. 1, was cut off. The unplotted values, however, fall 
upon as smooth a curve as do the plotted values. 

The results herein reported agree quite satisfactorily with those reported 
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by Rinkenbach. The values given by N a o h  are worthy of special 
attention. They are quite typical of many values reported in the literature 
obtained by arbitrary methods where the viscometer used is calibrated by a 
substance which differs greatly from the unknown substance, and no 
kinetic energy corrections are made for rapid rates of flow. While such 

results are usually intended only for relative values, they are often de- 
cidedly misleading. In the present case it would be assumed from the 
times of flow that glycerol trinitrate is approximately 2.5 times as viscous 
as water at 20°, or four times as viscous if the viscosity is calculated by 
Equation 2. The results obtained during this investigation show the 
ratio to be about 36 to 1. 
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Since fluidities (reciprocal viscosities) are more convenient to use in 
certain cases than viscosities, they are included in the tables and are plotted 
in Fig. 2. The resulting curves deviate somewhat from straight lines, a 
slight sag being noted in each case. 

Plotting log viscosities against temperatures resulted in curves which 
deviated from straight lines to about the same extent as did the fluidity 
curves. 

The fluidity curves, however, approach straight lines nearly enough so 
that they may be easily extended to temperatures beyond those actually 
determined, at least to those temperatures of importance in the commercial 
application of the esters. 

Acknowledgment.-The author wishes to express his appreciation of 
the assistance of W. deC. Crater, who kindly prepared the samples used 
in this investigation. 

Summary 
The viscosities of highly purified samples of propylene glycol dinitrate, 

ethylene glycol dinitrate, trimethylene glycol dinitrate, diethylene glycol 
dinitrate and glycerol trinitrate were measured in c. g. s. units (poises) 
at five-degree intervals over the temperature range 10 to 60°, inclusive, 
and the results compared with previously reported values. The corre- 
sponding fluidities were calculated and reported. 

KENVIL, NEW JERSEY 

[CONTRIBUTION PROM THE DEPARTMENT OF CHEMISTRY, Y A L ~  UNIVERSITY] 

RESEARCHES ON HYDANTOINS. XLIX. A NEW 
REARRANGEMENT LEADING TO THE FORMATION OF 

4-AMINOHYDANTOIN DERIVATIVES 
BY R. M. HERRST' AND T. B. JOHNSON 

RXCEIVED JUNE 5, 1930 PUBLISHBD SBPTEMBER 5, 1930 

In  the course of an investigation dealing with the synthesis of 5,s- 
dialkylated hydantoins from ketones, the authors had occasion to study the 
applicability of a series of reactions suggested for the preparation of 1,5,5- 
trialkyl-hydantoins. Tiemann and Piest2 first showed that the Strecker 
synthesis of a-amino acids could be modified to include N-alkylamino acids 
if an amine is used in place of ammonia in the reaction with aldehyde or 
ketone cyanhydrins. Biltz and SlottaS applied this phase of the Strecker- 
Tiemann reaction to the synthesis of 1-alkyl-hydantoins. We have now 
employed the same series of reactions described by Biltz and Slotta under 
modified experimental conditions for the preparation of l,5,5-trialkyl- 

1 Eli Lilly Company Graduate Scholar, 1928-1929. 
2 Tiemann and Piest, Ber., 14,1982 (1881); 15,2028 (1882). 
* Biltz and Slotta, J. prakt. Chem., 113, 233 (1926). 
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hydantoins. The method of operating is illustrated by the synthesis of 
1,5-dimethyl-5-benzylhydantoin from methyl benzyl ketone which is 
expressed by the equations 

CN 
I KCNO 

CsH6CFI2COCHa 3. CHsNHa 3. HCN=CsH,CHrC-CHa -----t 
I 
NHCH, 

I I1 
NH2 CN NH-CO 

0 j I 
I 

CHaN-C (CH3) CHzCeHa 
C0 I I 

CHsN-C(CHa)CHpCsH6 
I11 ---. IV 

N==C-NHz 
\ t 

NH-C=NH 

0 I + --+ bo I 
I 

CH~-N-C(CH,)CH~CLHI CHr-A--C CHICc& 
v VI 

A careful study of these reaction changes has now revealed a mechanism 
of ring formation which has not been observed, hitherto, in the hydantoin 
series. The a-methylureido-a-methyl-/3-phenylpropionitrile (1111, pre- 
pared as an intermediate in this synthesis, undergoes a molecular re- 
arrangement on boiling in water solution to form 1,5-dimethyl-5-benzyl-4- 
aminohydantoin (V or VI). The transformation is perfectly analogous t o  
that which was observed by PschorrI4 who encountered a similar reaction 
in the synthesis of a-aminoquinolines from o-aminocinnamylcyanides. 
Traube5 and Conrad6 have described analogous rearrangements leading t o  
the formation of ring compounds in the synthesis of barbituric acid and 
derivatives. 

Jongkees7 has prepared 4-iminohydantoin-1-acetamide, in which the 
imino group is easily replaced by oxygen by warming with dilute hydro- 
chloric acid. His technique involved cyclization in ammoniacal solution. 
Our compound shows a much greater stability than Jongkees' hydantoin, 
and is not affected by boiling even with fairly strong hydrochloric acid. 
The amino group can be replaced with oxygen, however, by treatment with 
nitrous acid, analogous to the conversion of cytosine into uracil studied by 
Kossel and Steudels and later by Wheeler and Johns~n .~  These facts favor 
the amino V, in preference to the imino structure VI, for the cyclic com- 
pound. 

Pschorr, Ber., 31, 1289 (1898). 
6 Traube, ibid., 33, 1371 (1900); Ann., 331, 64 (1904). 

Conrad, ibid., 340,310 (1905). 
Jongkees, Rec. true. chim., 27,287-326 (1908). 
Kossel and Steudel, Z. physiol. Chem., 38, 49 (1903), 
Wheeler and Johnson, Am. Chem. J., 29, 492 (1903). 
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This rearrangement suggests a possible reaction mechanism for the con- 
version of ureido-nitriles into hydantoins by means of aqueous hydro- 
chloric acid. Generally this transformation is expressed as one involving, 
first, hydrolysis of the nitrile to the corresponding hydantoic acid, and then 
a molecular condensation to form the hydantoin. According to the new 
conception the change to ring structure first involves a formation of the 
intermediate imino compound VI, which is unstable in the presence of 
strong hydrochloric acid and is decomposed immediately, giving the normal 
hydantoin. On the other hand, in the absence of hydrochloric acid, or 
under conditions where we have a low hydrogen-ion concentration, the 
imino compound may undergo tautomerization to form the isomeric and 
more stable aminohydantoin V, which is not attacked by acids. In the 
above rearrangement we have an excellent example apparently of this 
tautomeric change, and it is a molecular transformation which possesses 
considerable biochemical interest. This tautomerization is undoubtedly 
influenced by the character of the groups substituted in the hydantoin ring 
on nitrogen and carbon. 

The rapidity with which hydantoins are formed from ureido-nitriles, the 
reaction being almost instantaneous, lends support to the belief that some- 
thing other than the hydrolysis of a cyanide group to carboxyl is involved in 
this reaction. The unique behavior of the ureido-nitrile suggests a mechan- 
ism of reaction which is far more general than we have hitherto realized. 

Experimental 
a-Methylamino-a-methyl-P-phenylpropionile, 11.--Seven and nine-tenths cc. 

(0.2 mole) of anhydrous hydrocyanic acid and 6.2 g. (0.2 mole) of dry methylamine are 
dissolved in a thoroughly cooled solution of 26.8 g. (0.2 mole) of methyl benzyl ketone in 
25 cc. of absolute ethyl alcohol. After the solution has stood a t  room temperature in a 
well-stoppered bottle for twenty-four hours, it is taken up in 200 cc. of ether, washed 
with cold water and dried over sodium sulfate. The hydrochloride of a-methylamino- 
a-methyl-8-phenylpropionitrile is then precipitated by passing dry hydrogen chloride 
into the ethereal solution. It separates first as an oil, which on continued treatment with 
hydrogen chloride changes to a colorless, crystalline solid, melting a t  106-108°10 with 
decomposition, after sintering a t  102". The yield of hydrochloride is 35 g. (85%). 
The hydrochloride decomposes slowly on standing, and cannot be kept over long periods. 
Heating in non-anhydrous solvents causes methylamine hydrochloride and hydro- 
cyanic acid to split off with regeneration of the ketone. 

Anal. Calcd. for C11H1$N2C1: N, 13.30. Found: N, 13.14, 13.09 
The free methylamino-nitrile, obtained by evaporating the solvent from an ethereal 

solution a t  room temperature under reduced pressure, decomposes easily on heating, and 
cannot be distilled even in vacuo without serious decomposition. 

a-Methylureido-a-methyl-8-phenylpropioile, 111.-During the course of an 
hour 25 g. of finely ground potassium cyanate is added to a cold suspension of 35 g. of 
a-methylamino-a-methyl-P-phenylpropionie hydrochloride in 100 cc. of glacial acetic 
acid. After standing in a cool place for fifteen hours, the reaction mixture is poured into 

10 All melting points are corrected. 
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500 cc. of ice water. On standing in the refrigerator, or-methyl-ureido-or-methyl-p- 
phenylpropionitrile separates as a flocculent white solid, which is filtered off through a 
Biichner funnel, washed with water and air-dried. The yield of crnde material is 28 
g. (77.5%). It crystallizes from 50% alcohol in colorless needles, melting a t  130-131 ". 

Anal. Calcd. for ClzH160Na: N, 19.35. Found: N, 18.91, 18.93. 
1,s-Dimethyl-5-benzylhydantoin, W.-Twenty-eight grams of crude a-methyl- 

ureido-a-methyl-B-phenylpropionitrile is suspended in 100 cc. of 20% hydrochloric acid. 
On warming the methylureido-nitrile dissolves and the hydantoin begins to  precipitate 
almost immediately. After heating for one hour on the steam-bath, the suspension is 
cooled, filtered through a Biichner funnel and the residue washed with cold water. 
The yield of crude hydantoin is 23 g. (82%). Recrystallization from 50% alcohol. 
decolorizing with norite if necessary, yields a product melting a t  136135 ". 

Anal. Calcd. for C ~ ~ H I B ~ N Z :  N, 12.84. Found: N, 12.92, 12.81. 
An attempt to decompose the hydantoin to the corresponding methylamino acid 

was unsuccessful. After refluxing 5 g. of the hydantoin for one hundred hours with 
saturated barium hydroxide solution, 4.5 g. of the unchanged hydantoin was recovered. 

A crystalline sodium salt is formed when a mixture of a small amount of the hy- 
dantoin with an equivalent amount of a 5% solution of sodium hydroxide in 95% alcohol 
is evaporated in a vacuum desiccator. Solutions of mercuric chloride, calcium chloride 
and magnesium sulfate precipitate the corresponding salts when added to aqueous solu- 
tions of the so

di

um salt of the hydantoin, The mercury salt precipitates as a flocculent 
white solid, whereas the calcium and magnesium salts separate as colorless needles. 

1,5-Dimethyl-5-benzyl-4-aminohydmtoin,hen a solution of or-methylamino- 
a-methyl-P-phenylpropionitrile in hot water is boiled momentarily, 1'5-dimethyl-5- 
benzyl-4-aminohydantoin crystallizes out on cooling in a practically quantitative yield, 
in the form of small, colorless needles, melting at  267-268' with charring. 

Anal. Calcd. for ClsH160Na: N, 19.35. Found: N, 19.32, 19.27. 
The aminohydantoin is readily soluble in dilute mineral acids, but insoluble in al- 

kalies, which precipitate it unaltered from its solutions in acids. Boiling with acids or 
alkalies does not affect the aminohydantoin. It forms a characteristic mono-hydrc- 
chloride and picrate. 

On treating with nitrous add, as described by Kossel and Steude18 for the ton- 
version of cytosine to uracil, an acidic compound is obtained, crystallizing from 50% alco- 
hol in plates and melting a t  134r135O. Mixed with 1,5-dimethyl-5-benzyl-hydantoin 
the melting point is unchanged 

The hydrochloride of 1,5-dimethyl-5-benzyl-4-aminohydantoin is prepared by 
pouring a solution of the aminohydantoin in 95% alcohol saturated with hydrogen 
chloride into dry ether. On standing the hydrochloride precipitates as a colorless crys- 
talline solid, melting a t  218-223" with decomposition. 

Anal. Calcd. for C12HlsONsCl: N, 16.57; C1,14.00. Found: N, 16.65; C1, 13.93. 
The picrate of l,S-dimethyl-5-benzy1-4-aminohydantoin crystallizes as yellow 

needles when a solution of equal amounts of the aminohydantoin and picric acid in a 
slight excess of boiling water is cooled. After recrystallization from 50% alcohol it 
melts at  226-227O with decomposition. 

Anal. (Kjeldahl-Gunning). Calcd. for ClsHlsOsNs: N, 18.83. Found: N, 18.97. 

Summary 

1. 1,5-Dimethyl-5-benzylhydantoin and its 4-amino derivative have 
been prepared. 
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2. A new rearrangement leading to hydantoin derivatives substituted 
in the 4-position with an amino group has been described. 

NEW HAVEN, CONNECTICUT 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY O F  THE OHIO STATE UNIVERSITY] 

THE MECHANISM OF CARBOHYDRATE OXIDATION. XII. THE 
ACTION OF POTASSIUM HYDROXIDE ON 1-ARABINOSE AND 

d-XYLOSE 

When the hexose sugars, glucose, mannose, fructose and galactose are 
treated with aqueous solutions of potassium hydroxide, it is found that the 
amounts of certain reaction products are definitely dependent upon the 
normality of the solutions used and also upon the temperature employed. 
In  a recent report, Shaffer and Friedman' have shown that the concen- 
tration of the sugar is also an important factor in the reaction of the hexose 
sugar under these conditions. 

Since i t  is conceivable that pentose sugars may be formed as intermediate 
compounds in reactions involving the decomposition of hexose sugars in 
alkaline solutions, i t  becomes of much interest to  know whether the prod- 
ucts formed in a similar decomposition of the pentoses will show the same 
general relationship to the experimental conditions used as the hexose 
sugars do under similar circumstances. To obtain data with reference to 
this point was the principal objecti-ve in these experiments. For our experi- 
mental purposes we used the two easily accessible five-carbon atom sugars, 
I-arabinose and d-xylose. A similar study concerning the theoretically 
possible intermediate trioses has been made in this Laboratory previ~usly.~ 

Experimental 
(a) Materials.-All materials used in these experiments were examined for their 

purity by well-known laboratory methods. 
(b) Manipulation. Lactic, Acetic and Formic Acids.-A 100-cc. round-bottomed 

pyrex flask containing 25 cc. of potassium hydroxide of the desired normaIity was at- 
tached to  a mechanical agitator placed in a thermostat. After sufficient time had 
elapsed for the flask and its contents to come to the desired temperature (25,50 or 75O), 
1.875 g. (0.5M) of the crystalline I-arabinose or d-xylose was added through a large funnel 
whose stem had been shortened. Usually ten samples, including different normalities 
and duplicates, were started within the period of an hour. As in all the previous studies 
in this series, the agitation of these solutions was continued for forty-eight hours. Ow- 
ing to  the difficulties arising from the deposition of moisture during the preparation of 
the reacting systems a t  75', it was found more convenient to place the sugar in the 
flask first and then add the standard alkali solution. The general procedure from this 

Shaffer and Friedman, J. Bid. Chem., 86, 345 (1930). 
(a) Evans and Hass, THIS JOURNAI,, 48, 2703 (1926); (b) Evans and Corq. 

thwaite, ibid., 50,486 (1928). 
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point on for the determination of lactic, acetic and formic acids has been described pre- 
viously. I t  was found that the difficulties attending the determination of zinc lactate 
due to the presence of large amounts of gum (probably a mixture of the zinc salts of 
saccharinic acids) could in some measure be overcome by boiling the aqueous solution 
with a little norite before removing the insoluble zinc carbonate. Obviously, this also 
introduces a possible error for zinc lactate. 

In the determination of formic acid it was found best to attach a Kjeldahl bulb to the 
distilling column in order to prevent any of the soIution from bumping over into the dis- 
tillate. The receiver, a 250-cc. distilling flask, was completely immersed in a freezing mix- 
ture of salt and ice. A piece of glass tubing was sealed to the end of the condenser, in order 
that the condenser tube might extend down into the bulb part of the receiver. This was 
done for the purpose of diminishing, as far as possible, the loss of vapors from the receiver. 

The distillations were carried to dryness, after which about 10 cc. of distilled water 
was added tp the dry salt residue and the distillation again carried to dryness. It was 
found that much better results could be obtained in the formic acid determination by thus 
distilling the residues to dryliess three or four times. 

After the distillation was complete, the stem of the Kjeldahl bulb which extended 
into the flask was rinsed into the salt residue, while the remainder of the bulb and the 
condenser was rinsed with distilled water into the distillate. The distillate was then 
carefully transferred to a 100-cc. calibrated flask. After the temperature of the dis- 
tillate had adjusted itself to that of the room, enough distilled water was added to make a 
volume of 100 cc. 

Pyruvic Aldehyde 0sazone.-In this determination, 25 cc. of the standard potas- 
sium hydroxide solution was placed in a 100-cc. round-bottomed flask, together with 17.5 
cc. of 95% ethyl alcohol and 1.875 g. of the pentose sugars. After being agitated for 
forty-eight hours a t  the desired temperature, the pyruvic aldehyde osazone was deter- 
mined as previously described. 

Theoretical Discussion and Summary 
When the behavior of I-arabinose and d-xylose in alkaline solutions is 

examined from the standpoint of their ability to form enediols in the same 
manner as has been repeatedly discussed for the hexose sugars, then i t  is 
possible to  predict that the pentose sugars will form certain compounds 
which are also formed in the alkaline decomposition of the hexose sugars. 
Nef3 made an exhaustive study of the behavior of these two pentose sugars 
in 8 N potassium hydroxide solution, and in an earlier report he gave an ac- 
count of the behavior of I-arabinose in an alkaline cupric hydroxide system. 

I-Arabinose 1,2-Enedio1.-.The behavior of I-arabinose under our 
experimental conditions is shown in the equations 

HO H CHO CHOH 

I H-6-OH 
0 I 

I HO-C-H 

I 
H-C-OH 

I 

II 
C-OH 

I 

LCH, 
1-Arabinose 1-Arabinose, aldehyde form I-Arabinose 1.2-enediol 

"ef, (a) Ann., 376,l (1910); (b) 357,214 (1907). 
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If the 1-arabinose 1,2-enediol should undergo cleavage at  the 
erythrose and formaldehyde would be formed according to 

C-OH 
I 

-C-OH 
II 
C-OH 

I 
HO--C-H 

I I 
HO--C-H HO--C-H 

I I + ><; 
HO--C-H CHeOH 

I 

double bond, 
the reaction 

CH~OII 
1-Arabinose Erythrose, Formaldehyde, 
1,2-enediol active form active form 

In these experiments the formaldehyde may be regarded as one of the 
sources of formic acid. Nef3" found that 8 N alkaline solutions of glycol 
aldehyde gave traces only of formic acid and no lactic acid. I t  has been 
shown in this Laboratory4 that alkaline solutions of glycol aldehyde ex- 
tending over 0.1-10 N give no trace of lactic acid under the experimental 
conditions which are employed in these experiments. However, such 
solutions gave rise principally to C4 saccharins, which must have arisen 
from the tetroses f~rrned.~ 

Therefore it follows that the lactic acid found in our experiments must 
have arisen through some other possible decomposition of the pentose 
sugars than through the intermediate formation of a tetrose sugar. Ob- 
viously, the same general structural relations and conclusions are equally 
true for d-xylose. 

I-Arabinose 2,3-Enedio1.-As the concentration of the alkali is in- 
creased, the pentose sugars should give rise in each case to 2,3-enediols, 
which in turn may undergo a cleavage a t  the double bond, thus giving rise 
to glyceric aldehyde and glycol aldehyde. These changes are shown in the 
equation 

CHzOH 
I 
I 

C-OH 
II 
C-OH 

1 
-C-OH 

1 
-C-OH 

I 
HO-C-H 

_J I 
HO-C-H 

+ I 
CHzOH 

I I 
I 

CHtOH CH~OH 
I-Arabinose Glyceric aldehyde Glycol aldehyde 
2,3-enediol active form active form 

(a) Lactic Acid.-In the absence of an oxidizing agent, glyceric alde- 
hyde becomes the source of lactic acid, through the intermediate formation 
of pyruvic aldehyde. If the alkaline solutions of these pentose sugars 
contain equilibrated  system^,^ similar to those which have been thought to 

To be published. 
6 Cf. Fischer and Landsteiner, Ber., 25,2549 (1892). 
6 Cf. Spoehr and Strain, J. Biol. Chem., 85, 365 (1929). 



exist 
then 

in alkaline solutions of the hexose sugars under the same conditions, 
it would follow that the quantity of lactic acid formed should increase 

with an increase in the alkali normality. That this general relationship 
holds true may be seen in Fig. 1. Thus we see that the same general 
temperature relationships are also found to exist in the formation of lactic 

0 1 2 3 4 5 
Normality of potassium hydroxide. 

Fig. 2. 

acid from the alkaline pentoses as were observed in the solutions of the 
hexoses. As the temperature rises, it is seen that the rate of formation of 
lactic acid at 75O becomes less than that at 50'. This same observation 
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has also been made previously with mannose,' g l~cose ,~  fructoses and the 
trioses.2 Although the cause of this difference has not been systematically 
investigated, yet this change may be due to an increasing rate of forination 

$ 5  
+ 
E 4 

8 
n 3 3 
W 

O 2 
9 * 
8 1  
2 
& 0 

0 1 2 3 4 5 
Normality of potassium hydroxide. 

Fig. 3. 

of the saccharinic acids arising from an increasing temperature, a condition 
which obviously would result in a corresponding decrease of the alkali 
normality of the reacting system due to  neutralization. In time this would 
tend to diminish the pentose 2,3-enediol formation. 

Formic Acid 

3.0 

a 
U 
r 2.5 
8 
P 
$ 2.0 
U 

W 

1.5 
0 

8 1.0 
U 
b 

0.5 

0 
0 1 2 3 4 5 6 

Normality of potassium hydroxide. 
Pig 4. 

(b) Pyruvic Aldehyde.-It is generally accepted that pyruvic alde- 
hyde formation is the forerunner of lactic acid in the alkaline decomposition 
of the sugars. Since this acid was found in these reactions with the pen- 
toses an examination was made for the presence of pyruvic aldehyde. 

Evans and O'Donnell, THIS JOURNAL, 50,2550 (1928). 
8 Bvans and Hutchman, ibid., 50, 1497 (1928). 
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Our results are shown in Fig. 2. The temperature and alkali effects are 
practically the same as those which have been observed in this Laboratory 
with the t r iose~ ,~  certain h e x o s e ~ ~ * ~  and ~naltose.~ 

(c) Acetic and Formic Acids. --Pre\viously it has been thought that  
the presence of acetic acid in these reactions might be due to  a decomposi- 
tion of pyruvic aldehyde into acetaldehyde and carbon monoxide, which, in 
turn, would yield acetic and formic acids, respectively. If this were true, 
then these acids should also show maximum yields, because the tendency of 
the pyruvic aldehyde toward a minimum after the maximum, has been 
thought to be due to the increasing rate of lactic acid formation with the 
increasing normality of the alkali. That these general considerations are 
also true in the alkaline decomposition of the pentoses may be seen in Figs. 
3 and 4. It is also conceivable that the glycol aldehyde which is formed in 
the decomposition of the 2,3-pentose enediols as well as the 1,2-triose and 
2,3-hexose enediols may also give rise to acetic acid formation.1° 

From the data presented in this report it is clear that any pentoses which 
might possibly form in the alkaline decomposition of the hexose sugars are 
to be considered as possible sources of pyruvic aldehyde, lactic, acetic and 
formic acids. 

Cor,uivsus, Ofrro 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE UNIVERSITY OF DENVER~ 

A MODIFICATION OF THE SKRAUP SYNTHESIS OF QUINOLINE 

The Skraup synthesis is widely used as a method for the preparation of 
quinoline and its derivatives. The synthesis, when performed in the man- 
ner advocated by Skraup, is often accompanied by a violent reaction. In  
addition, the yields obtained are variable and often low. To overcome the 
disadvantages of the original Skraup method, various improvements have 
been published from time to time. 

To date the most important of the improvemerits made have been the 
ferrous sulfate modification of Clarlie and Davis,' the acetic acid modifi- 
cation of Cohn and Gustavson2 and a thorium-vanadium oxide method of 
Darzens, Delaby and Hi~-on.~ The ferrous sulfate modification gives a 
very much better yield than does the original Skraup method. The re- 

g Evans and Benoy, THIS JOURNAL, 52,294 (1930). 
lo (a) R. C. Hockett, Master's Thesis, The Ohio State University, 1928; (b) G. P. 

Hoff, Doctor's Dissertation, 1925; (c) cf. Evans, Chemical Reviews, 6, 306 (1929). 

1 Clarke and Davis, "Organic Syntheses," John Wiley and Sons, Inc., New York, 
1922, Vol. 11, p. 79. 

2 Cohn and Gustavson, THIS JOURNAL, 50, 2703 (1928). 
3 Darzens, Delaby and Hiron, Bull. soc. chim., 47,227 (1930). 
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action, however, is sometimes violent. The acetic acid modification ac- 
complishes a complete removal of all traces of violence. The yields ob- 
tained by tbis method are smaller than those of the ferrous sulfate modifi- 
cation. The modification which has been named the thorium-vanadium 
oxide modification gives good yields. The violence of reaction has been 
avoided by adding sulfuric acid in three stages, controlling the temperature 
a t  which the reaction mixture is refluxed and by stirring. 

Since each of these methods leaves something to be desired from the 
standpoint of smoothness in the first method, of yield in the second and of 
convenience in the third, the present paper presents a method which moder- 
ates the violence of the reaction and produces yields comparable with those 
obtained by other methods. This method will be termed a boric acid 
modification. 

Experimental 
The boric acid modification of the ferrous sulfate modification method for preparing 

quinoline may be carried out as follows. The reagents are placed in a liter flask in the 
order given: 14 g. of ferrous sulfate, 38 g. of aniline, 29.5 g. of mononitrobenzene. 
Twenty-five grams of boric acid is dissolved in 150 g. of glycerol, heat being used to 
effect solution of the boric acid. The boric acid-glycerol mixture when cooled is added 
to the contents in the liter flask and the whole mixed. Finally, 69.8 cc. of 95% sulfuric 
acid is added, the contents mixed well, connected with a reflux condenser and heated 
over a free flame until the boiling point is reached. The mixture in the flask is kept 
simmering for a period of refluxing from nine to twenty hours, depending upon the yield 
desired. It is then cooled and diluted with water. The flask is connected with steam 
distillation apparatus and steam is passed in until the distillate is clear. The contents of 
the flask are cooled and made alkaline with about 250 cc. of a 60% sodium hydroxide 
solution. The sodium hydroxide is added cautiously with frequent cooling of the flask. 
The contents of the flask are again distilled with steam. The current of steam is dis- 
continued when the distillate is clear. The distillate is dissolved in sulfuric acid (25.7 
cc. of 95y0 sulfuric acid diluted with an equal volume of water). The mixture is cooled, 
sodium nitrite added until a drop of the solution causes a starch-potassium iodide spot 
to  turn blue and the material is allowed to stand for about an hour. The contents of the 
flask are again made alkaline and steam distilled until the distillate is clear. The dis- 
tillate is extracted with ether, the ether evaporated and the resulting product of quinoline 
weighed. Comparisons are based on the weight of quinoline obtained a t  this stage, 
although further purification is effected by distillation. 

The following table shows a comparison of yields obtained by three 
methods of preparing quinoline for a five-hour period of refluxing. The 
yields are based on the same quantity of aniline and approximately the 
same quantities of materials with the exception of ferrous sulfate, acetic 
acid and boric acid. 

Time of Average 
Method heating, hours yield, g. 

............. Ferrous sulfate modification.. 5 30 
................. Acetic acid modification.. 5 25 

.................. Boric acid modification.. 5 38 
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Figure 1 shows the yield obtained in the boric acid modification method 
as the time of refluxing was varied. For a fifteen-hour refluxing, the yieId 
of quinoline is 90% of the theoret- 
ical based upon the amount of ani- 
line originally added. 

50 
The theory for the action of boric 

acid is believed to be similar to that 
of the acetic acid modification of 40 

"$ Cohn and Gu~tavson,~ namely, that a 
6b an intermediate semi-stable glycerol .g 30 

borate is formed which hydrolyzes, a 
gradualIy liberating glycerol. 3 

A Measure of the Vigor of the 
5 20 

Initial Reaction.-To obtain a more 
definite measure of the violence of 
the various reaction mixtures used 

rate of rise of temperature under 
l0rIIlIl in the synthesis of quinoline, the 0 

5 10 15 20 25 

uniform heating conditions was ob- Time in hours. 

tained for each. ~h~ method used Fig. 1.-Yield of quinoline with time of 
refluxing. was to place in an &inch pyrex test- 

tube a fixed volume of the mixture to be tested. The tube was placed in 
an electrically heated vertical tube furnace of small heat capacity con- 
structed for this experiment. The furnace was started in all cases a t  a 

temperature of 20° and was heated 
by a current of 1.80 amperes with 
constant stirring of the mixture. 
The increase in temperature with 
time was noted. Figure 2 shows 
typical curves obtained. These 
curves represent in a graphic man- 
ner the relative vigor of the reac- 
tions encountered in each case. 
The temperature at  which bubbles 
began to escape is marked with an 
arrow. This point may not repre- 

Time in minutes. 
- sent the boiling point of the mixture 

Fig. 2.-Comparative initial rise of tempera- 
as a whole. Curve A represents 

ture with time of heating. the temperature-time curve above 
120' for the original Skraup rnix- 

ture. The temperature at  which bubbles escape from the solution is ap- 
proximately 146'. I t  will be noted that the temperature rise above this 
point is extremely rapid, reaching within the next minute about 175O. The 



rapid change in temperature is apparently related to the violence of the reac- 
tion. Curve B indicates the entire lack of violence found in the acetic acid 
modification. In Curve C, representing the curve obtained in the ferrous 
sulfate modification, the rise of temperature after the evolution of bubbles 
can be seen to approximate 15" within one-half minute. In  Curve D, which 
represents the data from the boric acid modification, the rise of tempera- 
ture is approximately one-half of that found in Curve C and, as will be noted 
by the slopes of the two curves, the rise is more gradual. 

Summary 
1. It has been found possible to  decrease the violence of the reaction 

of the ferrous sulfate modification of the Skraup quinoline synthesis by the 
addition of boric acid. 

2. The yield of quinoline has been increased by the addition of the 
boric acid. 

3. A comparison of the vigor of the reactions has been obtained. 
DENVER, COLORADO 

[CONTRIBUTION FROM THE CHEMICAL RESEARCH LABORATORY, THE UPJOHN COMPANY] 

THE STEROLS OF ERGOT. 11. THE OCCURRENCE OF 
DIHYDRO-ERGOSTEROL 

BY FREDERICK W. HEYL AND ORLO F. SWOAP' 
I<ECEIVED JUNE 9, 1930 PUBLISHED SEPTEMBER 5, 1930 

Recently2 we briefly described the preliminary fractionation of "ergo- 
sterol" from ergot fat. Crude ergosterol was prepared from an ether 
solution of the unsaponifiable fraction by precipitation with petroleum 
ether. We have now studied this ether-petroleum ether filtrate. Origi- 
nally our expectation was that fungisterol might be found there in such 
proportion that its isolation would be somewhat more readily accom- 
plished. In this study we have incidentally isolated pure cz-dihydro-ergo- 
sterol, which was first described by Windaus and B r ~ n k e n . ~  They report 
a specific rotation of - 19.3", and a melting point of 173-174". The ace- 
tate melts at 180-181" and for [alD they found -21.0" Heilbron, John- 
stone and Spring4 report that the melting point of a-dihydro-ergosterol 
acetate varies from 179-180 to 173", depending upon the duration of the 
acetylation process. The rotation, [a I::,,, varied from - 25.3 to - 30.3 ". 

Holder of the Upjohn Cooperative Fellowship at Kalamazoo College (1929- 
1930). This paper is based upon the thesis presented by Mr. Swoap to the Faculty of 
Kalamazoo College, in partial fulfilment of the requirements for the degree of Master of 
Science. 

"art and Heyl, THIS JOURNAL, 52,2013 (1930). 
3 Windaus and Brunken, Ann., 460,232 (1928). 

Heilbron, Johnstone and Spring, J. Chem. Soc., 2248 (1929). 
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a-Dihydro-ergosterol, isolated from ergot fat, melted a t  172.5-175O, 
gave an acetate melting a t  176-177' and for [a]: we found - 20.6". The 
benzoate melted a t  153-155" and the color tests agreed with those known 
for this substance. 

This result is what one might expect since Anderson has repeatedly 
shown that sitosterol is accompanied by dihydrositosterol in corn oil,s 
wheat embryoJ6 and rice bran.7 Consequently a mixture of very closely 
related alcohols in various stages of saturation might be anticipated in the 
unsaponifiable matter of ergot fat. 

Experimental 
A quantity of petroleum ether-ether filtrates from ergosterol had separated a 

quantity of crystalline material upon long stan

di

ng. This was filtered off and lightly 
washed with petroleum ether. A quantity (74 g.) was fractionally crystallized from 
ethyl acetate. The top fraction melted a t  158.5-160°; intermediate fractions showed a 
series of melting points of about 121-125O, and the bottom fractions melted below 100". 
A further quantity (312 g.) of the crude material was fractionally crystallized in the same 
way and separated into 33 fractions after an elaborate system of recrystallizations. 

Fractions 6, 7 and 8, aggregating about 5 g., showed rotations of -22.5, -22.5 and 
- 19.1 ", respectively, and from these, by further elaborate fractional crystallization from 
alcohol, a-dihydro-ergosterol was isolated. For example, the fractionation of fractio.1 
8 (2.3 g.) yielded the following fractions: 

Fraction no. Weight, g. M. p.,  "C. [a10 
8A 0.45 165-167 -25.0 
8B .14 159-164 -25.4 
8C .24 161-164 -22.66 
8U .08 156-159 -12.4 
8E .15 137-150 - 9.5 

Of these, A, B and C were acetylated separately: 

Fraction no. Weight, g. M. p., "C.  ID 
Acetate 8A 0.26 171-173 -19.75 

8B .10 169-173 -19.0 
8C .20 167-173 -18.1 

8A, 8B and 8C were combined with acetate fraction 7C (m. p. 167-170"; [ f f ] ~  
-17.0). The acetate was recrystallized several times from ethyl alcohol, when it  
melted a t  176-177'. 

Anal. Calcd. for CnH4s0COCH3: C, 81.60; H, 10.87. Found: C, 82.02; H, 
10.60. 

The  above acetate was saponified with 3% methyl alcoholic potash and the re- 
covered alcohol was crystallized three times from methyl aIcohoI. Pure a-dihydro- 
ergosterol as leafy needles melting a t  172.5175' and [a] 2,6- 20.6 was isolated. 

Anal. Calcd. for C2,Hd30H: C, 84.30; H, 11.54. Found : C, 84.52; H, 11.54. 

Color Tests of a-Dihydro-ergosterol.-With the Rosenheim trichloro-acetic acid, a 

5 Anderson, THIS JOURNAL, 46, 1450 (1924). 
Anderson and Nabenhauer, ibid., 46, 1717 (1924). 
Nabeahauer and Anderson, ibid., 48, 2972 (1926) 
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completely negative test resulted. With Salkowski test, the chloroform was colorless 
and-the sulfuric acid layer orange-yellow. With the Liebermann-Burchard test the 
color transitions were as follows: very slight pink, transitory lavender, deep blue, slowly 
to green. 

a-Dihydro-ergosterol Benzoate.-The alcohol (0.1 g.) was dissolved in pyridine 
(2 cc.) and 2 drops of benzoyl chloride added. The benzoate precipitated and after 
long standing was filtered off and recrystallized from alcohol. It melted a t  153-155'. 

Anal. Calcd. for Cz7Ha0COC~H~: C, 83.55; H, 9.90. Found: C, 83.10; H, 10.33. 

The benzoate gave the same color reactions described above and in addition gave a 
positive reaction to the Heilbron and Springs modification of the Tortelli-Jaffe reaction. 

Reduction to a-Ergosteno1.-Three-tenths of a gram of the acetate was reduced 
with Adams' platinum oxide catalyst as previous6 described9 and a top fraction of a- 
ergostenol acetate melting a t  110-1 11 was obtained. Upon saponification with 3 % 
methyl alcoholic potash, a-ergostenol melting a t  133 was obtained. 

Summary 
Prom the unsaponifiable fraction of ergot fat, a-dihydro-ergosterol has 

been isolated. The alcohol itself melted a t  172.5-175' and gave [a]% 

-20.6'. The acetate of a-dihydro-ergosterol melted at  176-177' and the 
benzoate at  153-155'. The color reactions agree exactly with those de- 
scribed by Windaus and Brunken, and by Heilbron and Spring. 

KALAMAZOO, MICHIGAN 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF BROWN UNIVERSITY] 

STUDIES RELATING TO ORGANIC GERMANIUM 
DERIVATIVES. 111. DIPHENYL GERMANIUM DIHALIDES AND 

DIPHENYL GERMANIUM IMINE 

I. Introduction 
The present is one of a series of papers relating to the chemistry of the 

typical amphoteric elements. I t  may be considered that all the elements 
from the first to the seventh groups inclusive, which have a deficiency of 
from seven to one electrons with respect to the rare gas type, aresampho- 
teric. The elements that have a deficiency of only one or two electrons are 
strongly electronegative and their amphoteric tendencies are not marked. 
On the other hand, those elements that have a deficiency of five, six or seven 
electrons usually act electropositively and their electronegative character- 
istics are not pronounced. Amphoteric properties are most marked in the 
elements of the fourth group, which have a deficiency of four electrons. 
In the case of carbon, this property is well illustrated by triphenylmethyl. 
The triphenylmethyl group combines, on the one hand, with negative 

8 Heilbron and Spring, Biochem. J., 24, 133 (1930). 
9 Hart, Speer and Heyl, THIS JOURNAL, 52, 2017 (1930). 
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elements or groups to form compounds that, under certain conditions, 
exhibit electrolytic properties. On the other hand, the same group com- 
bines with the alkali metals to form relatively stable compounds which are 
typical salts and in which the triphenylmethyl group acts as anion. Tri- 
phenylmethyl also exists in the neutral state. In other words, triphenyl- 
methyl exists in three states of oxidation: as a positive group, as a neutral 
group, and as a negative ion. 

While in certain respects carbon is the ideal amphoteric element, in 
other respects other elements of the fourth group exhibit amphoteric 
properties more commonly. Previous investigations have shown that the 
tertiary organic derivatives of tin, whether alkyl or aryl, are uniformly 
amphoteric.1 And not only may we obtain univalent amphoteric groups in 
the case of tin; we may also obtain divalent groups. Thus Kraus and 
Greer2 have shown that dimethyl tin acts electropositively toward the 
halogens, while it also combines with sodium to form a divalent anion. 
Similar properties have been found in the case of the diphenyl tin group." 

Our knowledge of corresponding groups of germanium and silicon is very 
limited. In general, the study of these groups is rendered difficult because 
of the ease with which their halogen derivatives are ammonolyzed. Kraus 
and Foster,3 however, have investigated the triphenyl germanium group. 
Investigations relating to silicon, germanium and boron have been under 
way in this Laboratory for some years and the results will be published 
from time to time. The present investigation is specifically directed 
toward the isolation of diphenyl germanium and the preparation and 
properties of some of its derivatives. It was found that the diphenyl 
germanium group lends itself to study less readily than do corresponding 
derivatives of tin. Furthermore, our knowledge of organic germanium 
derivatives generally is very limited so that it was found necessary to  
study many problems relating to source materials. 

Among the earlier investigations relating to phenyl germanium deriva- 
tives may be mentioned those of Morgan and Drew,4 who prepared tetra- 
phenyl germanium and some other phenyl derivatives, and Tabern, Orn- 
dorff and Dennis: who prepared tetraphenyl germanium as well as other 
quaternary alkyl and aryl germanium compounds. The work of Kraus 
and Foster, in this connection, has already been referred to. 

In the present investigation, diphenyl germanium dihalides were first 
prepared and characterized. The action of ammonia and ethylamine on 
diphenyl germanium dihalides was also studied and, finally, diphenyl 

(a) Kraus and Sessions, %IS JOURNAL, 47, 2361 (1925); (b) Kraus and Bullard, 
ibid., 48,2131 (1926); (c) Chambers and Scherer, ibid., 48, 1054 (1926). 

W a u s  and Greer, ibid., 47, 2568 (1925). 
a JCraus and Foster, ibid., 49, 457 (1927). 
* Morgan and Drew, J. Chem. Soc., 125,1261 (1924). 

Tabern, Omdorff and Dennis, k s  JOURNAL, 49,2512 (1927). 
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germanium was prepared in the free condition. Its physical properties and 
chemical reactions were investigated; disodium diphenyl germanide was 
prepared and octaphenyl gerrnanopropane was synthesized. The two 
last-named compounds will be described in a succeeding paper. 

11. Diphenyl Germanium Dihalides 

Method of Preparation.-Tetraphenyl germanium served as source material for 
the preparation of the dihalides. This compound was prepared according t o  the 
method of Kraus and Foster3 and preparative details need not be described here. I t  was 
recrystallized from trichloro-ethylene and melted a t  230-231 (corr.). 

According t o  Kraus and Foster, tetraphenyl germanium is brominated with con- 
siderable difficulty, although they were able t o  prepare the monobromide by boiling a 
mixture of the compound with the theoretical amount of bromine in carbon tetrachloride 
for a considerable period of time. The second phenyl group is substituted even less 
readily than the first. Preliminary experiments confirmed the observations of Kraus 
and Foster, but on further study it was found that  the rate of bromination is greatly 

dependent upon the concentration of bromine. On boiling a mix- 
ture of 37 g. of tetraphenyl germanium and 15 cc. of bromine in 
70 cc. of carbon tetrachloride for ten hours, a fairly satisfactory 
yield of diphenyl germanium dibromide was obtained. The prod- . uct, however, was impure, containing some of the monobromide 
and a smaller proportion of the tribromide. Since completing the 
present investigation, Tabern, Orndorff and Dennis5 have shown 

B that tetraphenyl germanium is more readily brominated in ethylene 
dibromide. 

In brominating tetraphenyl germanium, a mixture of bromides 
z is in general obtained and separation becomes necessary. An at-  

tempt to  fractionally distil the bromides did not prove particularly 
S successful. Diphenyl germanium dibromide is not very volatile a t  

10O0, even a t  a pressure as low as 0.005 mm. Accordingly, i t  was 
found more convenient to  convert the mixture of bromides to  chlo- 
rides. The original mixture was separated from residual impurities 
by vacuum distillation a t  150'. The distillate was placed in an 
evaporating dish, a little alcohol was added and then strong am- 
monium hydroxide t o  complete the hydrolysis. The mixture was 
boiled for some time, in which process most of the phenyl bromide 

Fig. 1. 
was carried off with the steam. On cooling, a mixture of oxides 

solidified. The solid mass was separated from the aqueous solution, washed and dried. 
These oxides were then converted to  chlorides by heating with concentrated hydrochloric 
acid. The desired product settled to the bottom as a heavy liquid which was extracted 
with benzene. After removal of most of the solvent, the product was introduced into a 
special still and fractionated under reduced pressure. 

The distillation apparatus consisted of a pyrex tube 2, which was provided with a 
steam jacket B, the tubes X and W serving as inlet and outlet tubes, respectively. T h e  
liquid t o  be distilled was introduced through the tube Y, which was provided with a 
ground stopper A. The vapors from the liquid passed down through the re-entrant 
tube D. The condensate was collected in a small bottle E, which was contained in a 
wide test-tube C. This tube was attached to the distillation apparatus by means of a 
rubber stopper T. The side tube S, attached to the test-tube, was connected t o  a vac- 
uum pump, a McLeod gage being counected in the exhaust line. 
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Diphenyl germanium dichloride distils readily a t  100' under a pressure of 0.005 
mm. The yield of dichloride, based on the weight of original tetraphenyl germanium 
used, ranged from 40 to  60%. The purity was tested by analysis. 

Diphenyl Germanium Dich1oride.-Diphenyl germanium dichloride is a colorless 
liquid. According to Sherman6 i t  freezes a t  lower temperatures and melts a t  9 ". I t s  
density is greater than that of water. I t  is readily soluble in ordinary organic solvents. 
I t  is slightly hydrolyzed in moist air, more rapidly in water and alcohol, and still more 
rapidly in alkaline solution. 

The compound was analyzed for both germanium and chlorine. For the halogen 
determinations, from 0.2- to 0.3-g. samples were treated with dilute ammonium hydrox- 
ide, the mixture being stirred until the oxide was reduced to fine powder. It was then 
thrown onto a filter and the oxide was thoroughly washed. The ammoniacal filtrate was 
acidified with nitric acid and the chlorine was precipitated with silver nitrate and weighed 
as silver chloride. 

Anal. Subs., 0.1836, 0.2460, 0.2721: AgCl, 0.1758, 0.2375, 0.2639. Calcd. for 
(C6Ha)zGeClZ: C1,23.83. Found : C1,23.68,23.88, 23.99, mean, 23.85. 

The germanium was determined by a modification of the Krause m e t h ~ d . ~  Sam- 
ples of the dichloride were introduced into a pyrex tube (22 X 2.5 cm.) which had been 
heated to constant weight. About 5 cc. of fuming sulfuric acid was added with shaking, 
followed by 5 cc. of fuming nitric acid, which was added slowly. The mixture was then 
boiled for about twenty hours. Whenever the nitric acid content became low, as was 
indicated by the color of the fumes, more was added to the cooled solution. When 
oxidation was thought to be complete, the acids were boiled off. I f  the organic material 
was incompletely oxidized, a black deposit was formed on the walls of the tube as the 
residue dried up. In that case, more nitric acid was added and the sample was boiled 
for some hours longer. Kemoval of the acids was facilitated by drawing a gentle current 
of air through a glass tube, the end of which was located midway along the axis of the 
analysis tube. Certain of the phenyl germanium derivatives are oxidized with ex- 
treme difficulty. The method here described is effective in all cases provided that  the 
process is continued for a sufficient length of time. After removing the acid, the oxide 
was ignited a t  a dull red heat until constant weight was reached. 

Anal. Subs., 0.3068, 0.3161, 0.1940: GeOz, 0.1085, 0.1115, 0.0677. Calcd. for 
(C6H~)2GeC12: Ge, 24.39. Pound: Ge, 24.54,24.48, 24.22; mean, 24.40. 

Diphenyl Germanium Dibromide.-Diphenyl germanium dichloride of known 
purity was hydrolyzed and the resulting oxide was converted to the dibromide by heating 
with strong hydrobromic acid. The oily liquid was extracted with benzene, the solvent 
was removed and the dibromide distilled in vacuo a t  120' under a pressure of 0.007 mm. 
The properties of the dibromide correspond closely to those of the dichloride except that 
it is markedly less volatile. 

The bromine content of the compound was determined by hydrolyzing a known 
sample of the compound with a weak solution of sodium hydroxide, separating the so- 
dium bromide solution from the solid diphenyl germanium dibromide and precipitating 
the bromine as silver bromide. The germanium content was determined by the method 
already described in connection with the analysis of the dichloride. 

Anal. Subs., 0.3542, 0.4068: AgBr, 0.3434, 0.3940. Calcd. for (C6Ha)zGeBrz: 
Br, 41.35. Pound: Br, 41.26, 41.22; mean, 41.24. Subs., 0.2275, 0.2117; GeOa, 
0.0620, 0.0572. Calcd.: Ge, 18.78. Pound: Ge, 18.91, 18.75; mean, 18.83. 

Unpublished observations by C. S. Sherman in this Laboratory. 
Krause, Ber., 55,896 (1922); Kraus and Bullard, THIS JOURNAL 51,3606 (1929). 
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Diphenyl Germanium Difl~0ride.-The diiuoride was prepared by treating di- 
phenyl germanium oxide (resulting from hydrolysis of the chloride) with hydrofluoric 
acid. Most of the excess acid was evaporated and the da~or ide  was extracted with 
benzene. After removal of the solvent, the fluoride was distilled in vacuo a t  100° a t  a 
pressure of 0.007 mm. The germanium content of the difluoride was determined by the 
method already described. 

Anal. Subs., 0.1490, 0.1471: GeOa, 0.0585, 0.0576. Calcd. for (C6Hs)zGeFa: 
Ge, 27.43. Found: Ge, 27.25,27.18; mean, 27.22. 

The fluorine was determined by the method of Starck.8 The difluoride was hydro- 
lyzed with sodium hydroxide and the solution separated from the resulting oxide by 
filtration. To the filtrate was added sixteen drops of concentrated hydrochloric acid, 
the solution being warmed to 40°. Methyl orange was then added and the solution 
acidified with nitric acid, allowing three drops in excess. Ten drops of glacial acetic 
acid and 25 cc. of a filtered solution (10%) of lead acetate containing 1% of acetic acid 
were added under stirring. Fluorine was precipitated as lead chlorofluoride. The pre- 
cipitate was allowed to stand overnight, when it was filtered and weighed in a Gooch 
crucible. 

Anal. Subs., 0.2983, 0.2944: PbClF, 0.5273, 0.5731. Calcd. for (C6Hs)zGeFz: 
I?, 14.36. Pound: I?, 13.93,14.04; mean, 13.98. 

Diphenyl germanium difluoride is a colorless liquid which is decidedly more volatile 
than the corresponding chloride. Of the three dihalides studied, it is the most sensitive 
toward moisture. On standing in the air but a short time, a film of oxide is formed on 
the surface of the liquid. This layer protects €he remainder of the liquid against further 
hydrolysis. I t  is readily soluble in the common organic solvents. 

111. Diphenyl Germanium Oxide 
Morgan and Drew4 have prepared diphenyl germanium oxide by hydrolyzing mix- 

tures of bromides containing dibromide. From this mixture they separated a partially 
dehydrated hydroxide and a complex oxide that melted a t  149 and 218", respectively. 
It seemed worth while to examine the oxide obtained on hydrolyzing a pure dihalide. 
Accordingly, a quantity of the dichloride was hydrolyzed by the method already de- 
scribed. After drying, it was analyzed for germanium. 

Anal. Subs., 0.1121, 0.1709: GeOn, 0.0483, 0.0735. Calcd. for (CeH6)zGeO: 
Ge, 29.92. Found: Ge, 29.90, 29.85; mean, 29.88. 

Properties.-The oxide is a white powder which is practically insoluble in organic 
liquids. Of various samples tested, none was found to have a definite melting point. 
By extracting with boiling benzene, a minute quantity of oxide was obtained which 
melted between 133 and 150". By means of boiling alcohol, small quantities were 
obtained that melted between 140 and 185' and 149 and 300". The variation of the 
melting point indicates that, when the dihalides are hydrolyzed, a mixture of complex 
oxides is produced. It is doubtful whether the simple oxide (C6Hs)rGeO can be obtained. 
A similar mixture of oxides is obtained by hydrolysis of diphenyl germanium imine. 

IV. Action of Ammonia on Diphenyl Germanium Dichloride 
Kraus and Wooster* have shown that triphenyl germanium halides are ammono- 

lyzed by potassium amide in liquid ammonia. I t  was anticipated that the diphenyl 
germanium dihalides would be ammonolyzed by liquid ammonia. In preliminary ex- 

8 Starck, Z. anore. Chem., 70, 173 (1911); Hawley, Ind. Eng. Clzem., 18, 573 (1926). 
9 Kraus and Wooster, THIS JOURNAL, 52,372 (1930). 
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periments, weighed samples of diphenyl germanium &chloride were sealed in fragife 
glass capsules which were introduced into one leg of a weighed two-legged reaction 
tube. This tube ww provided with a stopcock through which it was evacuated prior to 
weighing, and through which ammonia c d d  be introduced as desired. After evacua- 
tion, the bulb was broken, the tube was immersed in boiling ammonia and ammonia was 
condensed upon the dichloride. The reaction mixture was allowed to stand for several 
hours, after which the solvent was allowed to evaporate. The tube was then again ex- 
hausted and weighed. The increase in weight of the tube gave approximately the 
amount of ammonia added on ammonolysis. The results were as follows: wt. of 
(GHs)zGeClz, 0.2269, 0.2460, 0.2810; gain in wt. as NHs, 0.0375, 0.0429, 0.0483; moles 
of NKa per mole of dichloride, 2.90, 3.05, 3.00; mean, 2.98. These data indicate that 
ammonolysis occurs according to the equation 

(CaHo)eGeCl* + 3NHa = (CeH6)pGeNH + 2NHdC1 (1) 
In order to separate the organic material from the ammonium chloride, dry benzene 

was condensed on the product of reaction and the solution was decanted into the second 
leg of the reaction tube. By repeated distillation and decantation, complete separation 
of the ammonium chloride was effected. Most of the benzene was then removed by 
means of an aspirator pump and the last traces by means of a high vacuum pump. 
Dry nitrogen was introduced and the two legs were separated by sealing off the connect- 
ing tube with a blowpipe. The ammonium chloride left be

hi

nd in the first leg of the 
reaction tube was analyzed for chlorine. The tube containing the salt was opened, 
the material was dissolved in water and the halogen determined as silver chloride in the 
usual way. The results follow, the percentages of chlorine being based on the weight of 
diphenyl germanium dichloride originally taken. 

Anal. Subs., 0.2269, 0.2460, 0.2810: AgC1, 0.2202, 0.2375, 0.2371. Calcd. for 
(C&I&GeClz: C1,23.83. Found: C1,24.00,23.88,24.04; mean, 23.94. 

These results show that the ammonolysis of the dichloride was complete and in 
accord with Equation 1. Since the weight of the original products of the reaction indi- 
cated that three moles of ammonia were involved, the thud molecule must have been 
combined with germanium as an imine group. 

Diphenyl Germanium &nine.--The leg containing the soluble product of the reac- 
tion was evacuated and freshly distilled water was introduced. A white deposit gradu- 
ally replaced the colorless viscous liquid in the tube. After standing for twenty-four 
hours, the stopcock of the tube was connected with a condenser and the liquid contents 
were distilled and collected in a flask. The distillate was titrated against standard acid. 

Anal. (C&s)ZGeClZ, 0.2460, 0.2810: calcd. wt. of imine, 0.1998, 0.2282: cc. of 
0.03043 N HCl used, 27.6, 30.7; N. 0.01176, 0.01309. Calcd. for (C~HE,)~G~NH: N, 
5.80. Found: N,5.89,5.73; mean,5.81. 

The analyses show that one mole of ammonia is formed on hydrolysis of the imine. 
The white solid resulting on the hydrolysis of the imine was shown by analysis to be di- 
phenyl germanium oxide. 

A d .  Subs., 0.1709, 0.1121: GeOz, 0.0735, 0.0483. Calcd. for (C8Hb)zGeO: 
Ge, 29.92. Found: Ge, 29.85,29.90; mean, 29.88. 

The irnine is a colorless liquid which is extremely viscous a t  ordinary temperatures 
but becomes markedly more fluid a t  higher temperatures. It is readily soluble in or- 
dinary organic solvents and is hydrolyzed with extreme ease. 

Summary 
Diphenyl germanium dibromide was prepared by the direct bromination . 

of tetraphenyl germanium in boiling carbon tetrachloride. The mixture of 
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bromides so obtained was converted to oxides and in turn converted to the 
corresponding chlorides. The dichloride was obtained from this mixture 
by fractional distillation. Pure dibromide and difluoride were prepared by 
converting pure dichloride to its oxide and treating with hydrobromic or 
hydrofluoric acid. 

The three dihalides are liquids a t  ordinary temperatures and are readily 
soluble in the common organic solvents. They may be distilled under 
pressures below 0.01 mm. at temperatures between 100 and 150". The 
fluoride is markedly sensitive to moisture. 

Diphenyl germanium imine was prepared by the action of liquid ammonia 
on diphenyl germanium dichloride. It is a highly viscous liquid a t  ordinary 
temperatures. It is readily soluble in the common organic solvents and is 
hydrolyzed with extreme ease. 

PROVIDENCE, RHODE ISLAND 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY, CASE SCHOOL OF APPLIED SCIENCE] 

QUINAZOLINES. I. THE INTERACTION OF 
2,4-DICHLOROQUINAZOLINE WITH SODIUM ALCOHOLATES 

AND SODIUM PHENATES WITH THE REPLACEMENT OF ONE 
HALOGEN TO FORM HALOGEN-OXYGEN ETHERS 

Since evodiamine and rutaecarpine, the alkaloids of Evodia rutaecarpa, 
have been shown to be derivatives of quinazolonel and since the quaternary 
salts of a few quinazolines have been found to have a lowering effect on the 
blood pre~sure,~ it appears likely that other compounds of the quinazoline 
group might possess some desirable medicinal properties. It was during 
the course of a research now in progress in this Laboratory, the purpose of 
which was the preparation of a series of quinazoline derivatives for subse- 
quent pharmacological t e ~ t i n g , ~  that several anomalous compounds were 
obtained and a further investigation of these compounds was made because 
the quinazolines have an intrinsic interest of their own. 

When 2,4-dichloroquinazoline (I) in alcohol is treated with sodium 
ethylate both halogens are replaced by ethoxy groups with the formation of 
2,4-diethoxyquinazoline (V).4 In  attempting to prepare a similar ether 
of quinazoline with the phenolate of resorcinol in alcohol, several com- 
pounds were isolated from the reaction product which were found to differ 
from the expected ether. When phenol was substituted for resorcinol, it 

Asahina, Manske and Robinson, J. Chem. SOG., 129, 1708 (1927). 
Gabriel and Colman, German Patent 161,401. 
The writers are indebted to Professor Marston Taylor Rogert for his suggestion 

that members of this group of compounds be preparcd with this idea ill mind. 
Aht, J. prakt. Clzem., [ 2 ]  39, 149 (1880). 



was found that one of the reaction products was identical with one ob- 
tained when resorcinol was used. On further investigation by chemical 
analysis, molecular weight determination and chemical properties, the 
compound was found to  be the monochloro-ethoxy derivative of cluinazo- 
line (I1 or 111). That a compound with the formula I1 or I11 is formed is 
also shown by the fact that when it is treated with sodium ethylate in 
ethyl alcohol it yields the diethoxy derivative of quinazoline mentioned 
above. From this i t  is evident that one of the two chlorine atoms in 
dichloroquinazoline is more labile than the other. To establish the posi- 
tion of the unreacted halogen and thus decide whether the structural for- 
mula for the compound is best expressed by I1 or by 111, an attempt was 
made to hydrolyze off the remaining chlorine atom by gently heating the 
chloro-ethoxy derivative with water. These attempts were not successful 
as either no hydrolysis took place after a short time or after continued heat- 
ing both the chlorine atom and the ethoxy group were removed yielding 
benzoylene urea. The replacement of the halogen by hydrogen by treat- 
ment of the Grignard reagent with water was not successful, inasmuch as 
it was found impossible to bring about the formation of an RMgCl com- 
pound with the chloro-ethoxyquinazoline and magnesium. Nearly all of 
the original chloro-ethoxy derivative was recovered unchanged when the 
attempted reduction was carried outwith (a) sodium amalgam arid ether 
saturated with water, (b) sodium and ethyl alcohol, (c) sodium and ether 
saturated with water, (d) sodium and amyl alcohol, or (e) zinc, sodium 
hydroxide and ethyl alcohol; however, when reduced with (f) sodium and 
methyl alcohol in ether or (g) with zinc and acetic acid in ethyl alcohol, i t  
yielded a product which was found to be identical with the 4-ethoxyquinazo- 
line (IV) previously prepared by Bogert and May.6 From this i t  is evi- 
dent that the structure of the chloro-ethoxy derivative is best expressed by 
formula I1 and that the chlorine atom on postion 4 is more reactive than 

1 

OR 
VI v 

In compound 11, R = CH3, C*H6, CBHS or m-CBH~OH. 

Bogert and May, THIS JOIJRNAL, 31,510 (1909). 
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the chlorine atom on position 2; that groups attached to carbon atom 4 
are more labile than those on carbon atom 2 has been observed previously in 
the case of 4-methoxyquinazoline, which is easily hydrolyzed to 4-quinazo- 
lone, whereas 2-methoxyquinazoline required heating with concentrated 
hydrochloric acid in a sealed tube a t  110-120' for one and one-half hours 
for a similar removal of the alkoxy group6 and also in the greater ease with 
which the halogen is removed by hydrolysis from 4-chloroquinazoline as 
compared with the removal of halogen from 2-~hloroquinazoline.~ 

In a similar manner it was found that it is possible to obtain the mono- 
chloromethoxyquinazoline. The monochloro-alkoxy derivatives are fairly 
soluble in petroleum ether; when the original reaction mixture in their 
preparation is recrystallized from this solvent, varying amounts of an 
insoluble by-product are obtained which consists almost entirely of the 
analogous monochlorophenoxy derivative and by varying the amount of 
phenol used in the reaction the yield of the chlorophenoxy derivative can 
be increased at the expense of the chloro-alkoxy derivative. 

The reduction product of the chloromethoxy derivative was a light 
yellow oil with a pleasant odor, which did not crystallize on standing for 
a week in an ice box; whether it would have crystallized on longer standing 
is not known. However, the oil had characteristics which were the same as 
those given by Bogert and May6 for 4-methoxyquinazoline prepared from 
4-chloroquinazoline. When the chloromethoxy derivative is treated with 
sodium methylate in methyl alcohol it gives 2,4-dimethoxyq~inazoline.~ 

These reactions for the replacement of but one of the two halogens by 
means of the presence of phenol appear to offer interesting possibilities in 
the case of quinazolines for the synthesis of mixed ethers and other similar 
compounds. Preliminary experiments have shown that this is possible 
and it is hoped to present these results in a later communication. The 
possibility of using phenol to repress the activity of the less reactive of 
two halogens in other types of compounds is also suggested. 

Experimental Part 

Preparation of 2,4-Dichloroquinazoline, $ T = c c ~ c ~ H ~ = ~ c ~  (I).617-In an acetyl- 
ating flask were placed 15 g. of benzoylene urea (2.4-diketotetrahydroquina~oline),~ 
40 g. of phosphorus pentachloride and 20 cc. of phosphorus oxychloride and the mixture 
was refluxed on an oil-bath at 125' for about four hours. The clear brown liquid which 
results was poured slowly with stirring into 600 cc. of finely crushed ice. The precipi- 
tated dichloroquinazoline was immediately filtered off on a Biichner funnel, holding the 
remaining ice back in the beaker with a stirring rod. The precipitate was thoroughly 
pressed on the funnel, the aqueous filtrate was discarded and the residue dissolved in 

6 Gabriel and Stelzner, Ber., 29, 1300 (1896); Gabriel and Colman, ibid., 38, 3559 
(1905). 

7 Bogert and Scatchard, THIS JOURNAL, 41,2061 (1919). 
Bogert and Scatchard, ibid., 38,1612 (1916). 
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about 500 cc. of ether, using 50-cc. portions of ether a t  a time and filtering through the 
same funnel; a small amount of insoluble material remained and was discarded. The 
combined ether solutions were washed in a separatory funnel, first with dilute aqueous 
sodium carbonate and then with water. After drying the ether solution overnight with 
calcium chloride, the ether was removed by distillation from a water-bath, suction being 
applied at  the end of the distillation to remove the last traces of ether. This product 
(12.4 g.) which remained in the distillation flask was slightly yellow but was found to be 
sufficiently pure for the syntheses described below. To obtain a very pure product i t  
was dissolved in the minimum amount of boiling toluene, filtered hot, cooled, the crys- 
tals filtered with suction and washed with petroleum ether, in which it is insoluble; 
using the same quantities as above about 6 g. of recrystallized, colorless material was 
obtained; a further small amount was obtained by adding petroleum ether to the mother 
liquor; rn. p. 120'. The compound must be used shortly after preparation as it gradu- 
ally decomposes even when protected in a desiccator. 

Preparation of 2-Chloro-Q-ethoxyquinazo1ine, N=COC~H~C~H~N=CC~ (II).- 
To 50 cc. of absolute ethyl alcohol in a small flask was added 0.7 g .  of sodium, keeping 
the solution cool; wben all of the sodium had reacted, 1.4 g. of phenol was added and 
then 3 g. of dichloroquinazoline slowly with stirring. The mixture was heated just to 
boiling and allowed to stand at  room temperature overnight; it was then poured into 
500 cc. of cold water, where i t  coagulated in fifteen to twenty minutes; the precipitate 
was filtered with suction, pressed thoroughly on the filter and recrystallized from pe- 
troleum ether, yielding 2.3 g. of colorless crystals; m. p. 92" (corr.). It is readily soluble 
in benzene, ether, carbon tetrachloride or acetone, fairly soluble in petroleum ether or 
alcohol, crystallizing well from the latter, and insoluble in water. When subjected to 
steam distillation a part of the compound volatilized into the distillate; the balance be- 
cause of hydrolysis to benzoylene urea remained as a non-volatile residue. To deter- 
mine the best proportions of sodium and phenol, the preparation was carried out as 
above in 50 cc. of alcohol with 2.5-g. portions of dichloroquinazoline; 0.5 g. of sodium 
and 2 g. of phenol gave 1 g. of product; 0.5 g. of sodium and 1 g. of phenol gave 2.5 g. of 
product; 1 g. of sodium and 4 g. of phenol gave 0.8 g. of product and 2.4 g. of chloro- 
phenoxyquinazoline, which is insoluble in petroleum ether and which is described below; 
0.5 g. of sodium and 4 g. of phenol gave 0.4 g. of product and 2.1 g. of chlorophenoxy- 
quinazoline. Molecufar weight determinations by depression of the freezing point were 
made with naphthalene as the solvent; the values of 227 and 229 were obtained; the 
calculated value is 208.5. 

Anal. Calcd. for CloHsONzC1: C, 57.55; H, 4.35; N, 13.4; C1, 17.0. Found: 
C, 58.01; H, 4.40; N, 13.5; C1, 17.1. 

r 
Preparation oi: 2-Chloro-4-methoxyquinazoline, N=COCH~C~H~N=&C~ (II).- 

This compound was prepared in a methyl alcohol solution in a manner similar to the 
preparation of the analogous chloro-ethoxy derivative as described above; 2.5 g. of 
product after recrystallization from petroleum ether was obtained from 0.7 g. of sodium, 
50 cc. of methyl alcohol, 1.4 g. of phenol and 3 g. of dichloroquinazoline; i t  forms color- 
less crystals from petroleum ether or alcohol; m. p. 99-100" (corr.). It is readily soluble 
in benzene, ether, carbon tetrachloride or acetone, fairly soluble in petroleum ether, 
methyl alcohol or ethyl alcohol, and insoluble in water; it is volatile with steam but with 
partial decomposition into the non-volatile benzoylene urea. A molecular weight de- 
termination by the Rast method9 using camphor for the solvent gave a value of 191; 
the calculated molecular weight is 194.5. 

9 Rast, Bey., 55, 1051, 3727 (1922). 
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Anal. Calcd. for CpH,ONsCl: C, 55.52; H, 3.63; C1, 18.2. Found: C, 56.28; 
H, 3.79; C1, 18.4. 

Preparation of 2-Chloro-4-phenoxyquinazoline, &=COCBH~C~H,N=&C~ (II).- 
This compound was obtained by allowing 0.95 g. of sodium to react completely with an 
excess of molten phenol; then 8 g. of powdered dichloroquinazoline was mixed with the 
solid phenol-sodium phenate, which gradually liquefied during the mixing; after 
standing overnight the reaction mixture was poured into 700 cc. of cold water, when a 
viscous oil separated; this oil solidified and became granular after the aqueous solution 
was made slightly alkaline with sodium hydroxide; the solid residue was removed by 
filtration, washed with water and recrystallized from alcohol; 4.5 g. of colorless crystals 
was obtained; 2.1 g. of this compound was also obtained from the interaction of 0.5 
g. of sodium, 4 g. of phenol and 2.5 g. of dichloroquinazoline in 50 cc. of ethyl alcohol, 
as described under the preparation of the chloro-ethoxy derivative. The compound is 
fairly soluble in ethyl alcohol, methyl alcohol, acetone, benzene or ethyl acetate, slightly 
soluble in ether or chloroform, insoluble in petroleum ether or water; m. p. 121 " (corr.). 

Anal. Calcd. for C14HgONzCl: C1, 13.8. Found: C1, 13.9. 

Preparation of 2-Chloro-4-resorcinoxyquinazoline, N=C(OC~H~OH)C~H~N=~!C~ 
(II).-Fifty cc. of absolute ethyl alcohol was treated with 2.5 g. of sodium; after all of 
the sodium had reacted, 16 g. of resorcinol was added and then 9 g. of dichloroquinazo- 
line was added slowly in small portions during three hours; after standing overnight, 
the brown colored solution was poured into one liter of water, the mixture made neutral 
to litmus, the precipitate allowed to coagulate, filtered, washed with water and dried on a 
suction filter. The air-dried material (9.5 g.) was extracted with boiling petroleum 
ether, which removed 2.5 g .  of chloro-ethoxyquinazoline; the residue of 7 g. was almost 
completely soluble in boiling alcohol, from which colorless crystals of 2-chloro-4-resorcin- 
oxyquinazoline separated on cooling; m. p. 171-172' (corr.). The solubilities of this 
compound are like those of the corresponding chlorophenoxy derivative described above. 

Anal. Calcd. for C I ~ H ~ O Z N ~ C ~ :  C, 61.65; H, 3.33. Found: C, 61.78; H, 3.46. 

Preparation of 2,4-Diethoxyquinazoline (V).--Thirty cc. of absolute ethyl alcohol 
was treated with 0.3 g. of sodium; after all of the sodium had reacted, 2 g. of chloro- 
ethoxyquinazoline was added; the solution was warmed gently for five to ten minutes 
and allowed to stand a t  room temperature overnight, when about 0.5 g. of sodium 
chloride separated and was removed by filtration. The filtrate was treated with water, 
which precipitated 1.8 g. of diethoxyquinazoline; after filtering and drying, it was re- 
crystallized from alcohol, yielding colorless crystals; m. p. 55' (corr.). Although this 
melting point is 4" higher than that of the diethoxyquinazoline as reported by Bogert 
and May,E there is no doubt as to the identity of the two products, since a sample of the 
material obtained by their method of preparation also showed a melting point of 55" 
(corr.) and when the two preparations were mixed the melting point remained un- 
changed; examination of the two products under a polarizing microscope showed the 
same angle of extinction in each case. 

Anal. Calcd. for C12H1402N2: C, 66.02; H, 6.47. Found: C, 66.33; H, 6.62. 

Preparation of 2,4-Dimethoxyquinazoline (V) .-This compound was prepared by 
the interaction of chloromethoxvauinazoline and sodium methvlate in methvl alcohol - - 
in the same manner as the diethoxy derivative described above. Three grams of chloro- 
methoxyquinazoline and 0.4 g. of sodium in 30 cc. of absolute methyl alcohol gave 
about 0.9 g. of sodium chloride and 2.7 g, of the dimethox~ derivative, which was re- 
crystallized from alcohol; m. p. 75" (corr.); Bogert and Scatchard7.8 reported a melting 
point of 74' for dimethoxyquinazoline but a sample prepared by their method when 
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carefully purified was found to melt at  75'; an examination under a polarizing micro- 
scope and a mixed melting point determination of the two products proved their identity. 

Anal. Calcd. for CtaHtoOzNz: C, 63.12; H, 5.30. Found: C, 63.25; H. 5.38. 
Preparation of 4-Ethoxyquinazoline (N) .-To 6 g. of chloro-ethoxyquinazoline (1 

mol) dissolved in 50 cc. of absolute ether were added 0.67 g. of sodium (1 mol) in small 
pieces and then 0.93 g. methyl alcohol (1 mol); the sodium gradually reacted with the 
alcohol and after three days a t  room temperature the sodium chloride was removed by 
filtration, the ether removed from the filtrate by distillation from a water-bath, suction 
being applied a t  the end of the distillation; the light yellow oil which remained was 
poured on a watch glass and partly solidified on standing for a week in an ice box; the 
colorless crystals (1 g.)  were filtered with suction, pressed between filter paper t o  remove 
adhering oil and were recrystallized with much difficulty from alcohol; m. p. 45-48". 
A better yield of the same product was obtained when 3.6 g. of chloro-ethoxyquinazoline 
was dissolved in 150 cc. of alcohol, 15 g. of zinc dust added and 25 cc. of glacial acetic 
acid added slowly with mechanical stirring; after standing a t  room temperature for 
twenty-four hours, the mixture was liltered to remove the excess of zinc and the filtrate 
poured into 500 cc. of cold water; the unreduced chloro-ethoxyquinazoline which pre- 
cipitated was collected and recrystallized for recovery. The dilute alcoholic solution 
was made slightly basic by the addition of sufficient sodium hydroxide solution, which 
precipitated zinc hydroxide; the filtered solution (about 600 cc.) was then extracted 
with ether, the extract dried overnight with calcium chloride and the ether removed by 
distillation from a water-bath. The yellow oil which remained was distilled with steam 
the distillate extracted with ether, the ether solution dried with calcium chloride and the 
ether removed by distillation on a water-bath, removing the last traces of ether under a 
vacuum. As soon as the residual oil with a pleasant odor was poured on a watch glass 
it began to crystallize until the mass was almost completely solid; the material thus ob- 
tained was pressed between filter paper to remove traces of adhering oil and had a 
melting point of 46-48" (corr.); mixed with a known sample of 4-ethoxyquinazoline 
(m. p. 47-49') prepared by the method of Bogert and May,= the mixture showed a melt- 
ing point of 47-48". Without further purification, this material obtained by the re- 
duction with zinc and acetic acid was used for analysis. 

Anal. Calcd. for CIOH~OON~: C, 68.93; H, 5.79. Found: C, 69.07; H, 5.81. 
Reduction of 2-Chloro-4-methoxyquinazoline and 2-Chloro-4-phenoxyquinazo1ine.- 

These reductions were made in alcohol with zinc and acetic acid as described above un- 
der the reduction of the analogous chloro-ethoxy derivative and in each case gave 
yellow-brown oils which did not crystallize on standing in a cold place; the product from 
the chloromethoxy derivative had a pleasant odor, whereas that from the chlorophenoxy 
derivative had a very disagreeable odor. Material of sufficient purity for analysis was 
not obtained. 

Preparation of Benzoylene Urea (VI) by Hydrolysis of Ch1oromethoxyquinazoline.- 
Three grams of chloromethoxyquinazoline was suspended in 150 cc. of distilled water, 
warmed on the steam-bath for five hours, filtered, the insoluble portion washed with 
water, then with alcohol and dried; it was a white product which did not melt below 
300'; it was submitted to analysis without further purification. The filtrate above 
gave a distinct test for chlorides and had a slight odor of methyl anthranilate. 

Anal. Calcd. for CsHcOzNz: C, 59.22; H, 3.73. Found: C, 59.49; H, 3.87. 
Hydrolysis of chloro-ethoxyquinazoline similarly gave the same product. 

Summary 
A study has been made of the interaction of 2,4-dichloroquit~azoline 

with sodium alcoholates in the presence of phenol and resorcinol and it was 
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found possible to replace but one of the two halogen atoms with an OR 
group (where R is either an alkyl or an aryl radical). The structure of the 
resulting compounds has been determined and shows that the halogen at- 
tached to the carbon atom at position 4 is more reactive than the halogen 
atom on carbon atom 2. Recrystallization of dichloroquinazoline from 
toluene or toluene plus petroleum ether yields a very pure product; these 
solvents are superior to benzene (which had been previously used in the 
preparation) because of the greater temperature coefficient of solubility. 
The following new compounds have been prepared: 2-chloro-4-methoxy- 
quinazoline, 2-cbloro-4-ethoxyquinazoline, 2-chloro-4-phenoxyquinazoline 
and 2-chloro-4-resorcinoxyquinazoline. 

CLEVELAND, OHIO 

[CONTRIBUTION PROM THE DEPARTMENT OP RESEARCH IN PURE CHEMISTRY, MELLON 
INSTITUTE OF INDUSTRIAL RESBARCR. UNIVERSITY 011 PITTSBURGH] 

THE PREPARATION OF CERTAIN GAMMA-LACTONES 
BY WILLIAM I,. NELSON AND LEONARD H. CRETCHER 

RECEIVED JUNE 23, 1930 PWLI~HED SEPTEMBER 5, 1930 

Gamma-butyrolactone was prepared by a method which involves (1) the 
condensation of the sodium salt of ethyl malonate with p-chloro-ethylvinyl 
ether to form ethyl ~inyloxyethylmalonate,~ (2) saponification oi the ester, 
(3) liberation of the free acid with simultaneous hydrolysis and liberation 
of acetaldehyde to form 8-hydroxyethylmalonic acid, (4) pyrogenic decom- 
position to the lactone of y-hydroxybutyric acid. The alpha-substituted 
ethyl and propyl butyrolactones were prepared in the same manner from 
the corresponding alkyl malonic esters. 

Fittig and Chanlarow2 prepared the a-ethyl derivative by hydrolysis of 
ethyl P-hydroxyethylacetoacetate. The unsubstituted Iactone has been 
prepared by a vanety of  method^.^ 

It is interesting to note that in Pittig's description of a-ethyl butyrolac- 
tone he stated that a clear, approximately saturated water solution of the 
lactone on warming in the hand became clouded and remained so when 
placed in hot water until a temperature between 80-90' was reached, where- 
upon the second phase disappeared to reappear upon slight lowering of the 
temperature. When cooled more strongly, the solution again became 
clear. We have repeated Fittig's experiment with the same result. So far 
as the authors are aware, this is the first mention in the literature of a 

Cretcher, Koch and Pittenger, THIS JOURNAL, 47,1173 (1925). 
2 Fittig and Chanlarow, Ann., 226,327 (1884). 
a (a) Frtihling, Monatsh., 3, 700 (1882); (b) Michael, Ber., 34, 4053 (1901); (c) 

Henry, Bull. soc. chim., [2] 45,341 (1886); (d) Bentley, Haworth and Perkin, J .  Ckem. 
Soc., 69, 168 (1896); (e) Willstatter, Ber., 35, 619 (1902); (f) Fittig and Roder, Ann., 
227,23 (1885); (g) Marvel and Birkhirner, THIS JOURNAL, 51,260 (1929). 
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system having both upper and lower consolute points. This fact has been 
overlooked by those who have investigated c l ~ d  solubility curves.* 

The present authors have found that the system a-propyl-y-butyrolac- 
tone-water has no determinable lower consolute temperature because of 
the separation of water in the solid phase before the lower critical tempera- 
ture is reached. 

Experimental Part 
Preparation of 7-Butyro1actone.- -44.5 g. of ethyl vinyloxyethylrnalonate was added 

to a solution of 43 g. of potassium hydroxide in 35 cc. of water. The mixture was slowly 
warmed, with continual agitation, in a water-bath. At about 30' the saponification 
took place, the temperature going spontaneously to the boiling point of alcohol. After 
the vigorous reaction was over, the solution was heated on a water-bath for thirty min- 
utes. After cooling 140 cc. of 1 : 1 hydrochloric acid was added and the solution evapo- 
rated to dryness under reduced pressure. The solid mass was cooled and extracted 
several times with anhydrous ether. The ether was removed by distillation and the 
distilling flask placed in such a position that the side-tube was inclined slightly upward. 
A short air condenser was attached to the side-tube and the flask was provided with a 
thermometer immersed in the solution. Water was removed by cautious heating over a 
direct flame. 

The temperature was raised to 180' to decompose the dibasic acid and the product 
was then distilled. The yield of lactone boiling at  201-205' was 72y0 of the theoretical. 

Brucine Salt of 7-Butyro1acetone.-The brucine salt of the unsubstituted hydroxy- 
butyric acid offered no difficulties in purification. The salts of the ethyl and propyl 
substituted acids were not obtained in pure condition and will not be described. 

The brucine salt was prepared by heating a water solution of the lactone with an 
excess of the alkaloid. The excess brucine was extracted with chloroform, the solution 
filtered through "Nuchar" and evaporated to dryness under reduced pressure. The 
salt was twice dissolved in 95% alcohol, cooled and precipitated with ether. It was then 
dried to constant weight, i n  orscuo, over phosphorus pentoxide. The compound softened 
a t  80" and melted a t  147-148'. I t  is very hygroscopic. 

Anal. Calcd. for Cz,H&Nz: N, 5.62. Found: N, 588, 562. 
Optical rotation. 0.2579 g. in 10.08 cc. of aqueous solution in a 1-dm. tube gave 

a = -0.69"; [ C U ] ~ ~  -26.97'. 
Sodium y-Hydr0xybutyrate.-It was stated by Marvel and Birl~hirner~~ that on 

neutralization of the lactone of y-hydroxybutyric acid with sodium hydroxide a40% 
yield of the sodium salt was obtained. In order to determine, if possible, the cause of 
their low yield of salt, we neutralized the lactone, with results as follows: the calculated 
amount of N sodium hydroxide was added to a hot aqueous solution of 1.509 g. of the 
lactone. The ring was easily opened, as the pink color due to a drop of phenolphthalein 
disappeared after several minutes. The solution was evaporated under reduced pressure 
to dryness and the residue dissolved in hot alcohol. On cooling part of the salt crystal- 
lized. The precipitation was completed by addition of ether. The product, dried over 
phosphorus pentoxide, weighed 1.960 g., corresponding to a yield of 89% of the theo- 
retical. 

Anal. Subs., 0.1644: NazSOd, 0.0930. Calcd. for C4HvOtNa: Na, 18.27. Found: 
Na, 18.32. 

* Cf. COX, Nelson and Cretcher, THIS JOURNAL, 49,1080 (1927), for references to the 
literature of this subject. 
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When an excess of alkali was used for neutralization of the lactone a substance was 
formed which was not the sodium salt of the hydroxy acid. This substance was in- 
soluble in alcohol or water. * 

a-Ethyl r-Butyro1actone.-This compound was prepared from ethyl, ethylvinyl- 
oxyethyl malonate6 in the same manner as y-butyrolactone except that  the saponifica- 
tion was conducted in alcoholic solution. From 12 g. of the malonic ester 2.8 g. of prod- 
uct was obtained boiling a t  214-218'. The yield was 59% of the theoretical. 

a-Propyl-r-butyrolactone was prepared as above from ethyl propylvinyloxyethyl 
malonate.6 The product boiled a t  230-235': d i 6  1.008. The yield was 63% of the theo- 
retical. 

Anal. Calcd. for CtHmOn: C, 65.57; H, 9.45. Found: C, 65.23; H, 9.34. 
Neutralization equivalent. Calcd. : 128.1. Found: 127.8. 

Summary 
A method is described for the preparation 01 y-butyrolactone and its a- 

alkyl derivatives. 
PITTSBURGH, PENNSYLVANIA 

(CONTRIBUTION NO. 68 FROM THG COBB CHEMICAL LABORATORY OF THE UNIVERSITY OP 

VIRGINIA] 

SYNTHESES IN THE PHENANTHRENE SERIES. 
I. ACETYLPHENANTHRENES' 

The preparation of 9-acetylphenanthrene was described by Willgerodt 
and Albert2 in 1911. These authors obtained the substance by the Friedel- 
Crafts reaction, and describe it as fluorescent leaflets of melting point 123'. 
Analysis and the formation of an oxime and a phenylhydrazone showed the 
compound to be a phenanthryl methyl ketone. Oxidation with chromic 
acid led exclusively to 9,lO-phenanthrenequinone, showing that the acetyl 
group occupied the 9-position on the phenanthrene nucleus. The authors 
do not mention the yields obtained, but from their description it is to be 
gathered that the ketone is very dficult to obtain in a pure state because 
of accompanying oils and tarry material. 

In attempting to prepare 9-acetylphenanthrene according to Willgerodt's 
directions, we have obtained results differing considerably from those 
mentioned above. Acetylation of phenanthrene with acetyl chloride and 
aluminum chloride in carbon disulfide solution, under Willgerodt's condi- 
tions, gave a small amount of crystalline material, together with resinous 
products and a considerable quantity of a thin oil. From the oil a small 
quantity of a ketone could be isolated as the semicarbazone; the oil dis- 

6 Cretcher, Koch and Pittenger, THIS JOURNAC, 47, 3033 (1925). 
These researches have been supported by the Committee on Drug Addiction of the 

National Research Council. 
9 Willgerodt and Albert, J. prakt. Chem., [2] 84,383 (1911). 
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tilled almost undecomposed in vacuum but boiled over such a wide range 
that further investigation has been delayed. 

The crystalline portion, which was obtained in a yield averaging 5 to 10% 
(in one experiment which could not be duplicated, 50-60%), melted from 
60 to 80' and contained some phenanthrene. Since this could not be 
removed by crystallization, the mixture was treated with semicarbazide. 
The semicarbazone proved, however, to be heterogeneous, and from i t  by 
laborious fractional crystallization two different semicarbazones could be 
obtained. When these were decomposed with hydrochloric or oxalic acid, 
two ketones of m. p. 72 and 143' were isolated. It therefore seemed 
desirable to improve the method of preparation of the ketones. 

Lowering the temperature to 0 or to - 15' gave no better results; 
substitution of aluminum bromide and acetyl bromide decreases the yield; 
stannic chloride as catalyst, or acetic anhydride in place of acetyl chloride, 
according to A d a r n ~ , ~  were likewise without favorable result. 

When, however, nitrobenzene was used as a solvent, the mixture of 
ketones was obtained in about yield. The separation of these was 
accomplished through the difference in solubilities in methyl and ethyl 
alcohol. The sparingly soluble ketone (yield 15%) melts a t  143O, the more 
soluble isomer (yield 63.5%) a t  72'. 

To determine the position occupied by the acetyl group, the isomers were 
oxidized with 2% sodium hypochlorite solution according to  Graebe4 

(RCOCH3 + 3 NaOCl --+ RCOONa + 2 NaOH + CHCL), to  the corre- 
sponding carboxylic acids. 

The 72' ketone gave an acid of m. p. 270°, whose methyl and ethyl 
esters melted a t  94.5-95' and 56-57', respectively. The acid gives a 
very characteristic potassium salt. 

The 143' ketone yielded an acid melting a t  258.5 to 260°, whose methyl 
and ethyl esters melted a t  96-96.5' and 73-73.5', respectively. The sodium 
salt is very sparingly soluble in water, the potassium salt nearly insoluble. 

The properties of the acids, their esters and salts pointed to their identity 
with the phenanthrene-2- and 3-carboxylic acids of Werner5 and F i e ~ e r . ~  

Phenanthrene-9-carboxylic acid, prepared according to Pschorr,' was 
found by direct comparison of properties and mixed melting points t o  be 
different from the acids prepared from the two ketones. Therefore, in 
neither of these ketones does the acetyl group occupy the 9-position. 

Adams and Noller, THIS JOURNAL, 46, 1889 (1024). 
Graebe, Ber., 35, 2753 (1902). 
Werner, Ann., 321,248 (1902), gives the m. p. 254" for phenatlthrene-2-carboxylic 

acid, and emphasizes the slight solubility of the potassium salt. For the 3-carboxylic 
acid, the m. p. 269" is given. 

Fieser, THIS JOURNAI,, 51, 3101 (1929). gives the m. p of phenanthrene-7 car- 
boxylic acid methyl ester as 97 4 

P~chorr,  Ber., 29, 497 (1896). 
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To  prove that the acids derived from our two acetylphenanthrenes were 
actually the phenanthrene-2- and 3-carboxylic acids, these were synthesized 
by the method of Werner.8 

Phenanthrene was sulfonated by Fieser'sg modification of Werner's 
procedure. Under certain conditions, practically the only monosulfonic 
acids obtained are the 2- and 3-forms. The position of the sulfonyl groups 
in these acids, and consequently of the carboxyl groups in the carboxylic 
acids derived from them seems to be sufficiently proved by Werner's 
researches. That we were actually working with the pure sulfonic acids 
was proved by the preparation of the p-toluides (Pieser) and the methyl 
esters (Werner). 

The phenanthrene-carboxylic acid prepared from the 2-sulfonic acid 
agreed in all characteristic properties and derivatives with that obtained by 
oxidation of the ketone melting a t  143'; the carboxylic acid from the 
3-sulfonic acid was similarly shown to be identical with the one obtained 
from our 72' ketone. On the basis of Werner's proof of the structure of 
these two sulfonic acids, therefore, we assign to the sparingly soluble ketone 
of melting point 143' the structure of 2-acetylphenanthrene; to the more 
soluble ketone of melting point 72', the structure of 3-acetylphenanthrene. 

Oxidation of the acetylphenanthrenes with chromic acid converts them 
smoothly into the 2-, and 3-acetylphenanthrene-9,lO-quinones, respectively. 

We have not yet been able to isolate any other acetylphenanthrene iso- 
mer from the reaction Very small amounts (0.1%) of a third substance, 
crystallizing in needles of melting point 279-280' were found, whose nature 
has not yet been determined. 

Attempts to synthesize, from 9-substituted phenanthrene derivatives, 
the 9-acetylphenanthrene which was expected from Willgerodt's procedure 
have so far been fruitless. These experiments as well as those designed to 
introduce two acetyl groups and one or more benzoyl groups into the 
phenanthrene nucleus are being continued. 

The marked favoring of the 2- and 3-positions observed in the above 
Friedel-Crafts acetylation over the 9-position, preference for which would 
be expected1° from the presence of the 9,lO-double bond, which recalls in 
many respects an olefinic double bond, is remarkable, and is not easy to 
bring into accord with the results of bromination,ll nitration12 and sulfo- 
nation. la 

* Ref. 5, pp. 326, 330. 
Fieser, THIS JOURNAL, 51,2460 (1929). 

lo Cf. Wieland and Bettag, "Zur Kenntnis der Friedel-Crafts'schen Reaktion," 
Ber., 55,2246 (1922). 

" Hayduck, Ann., 167, 180 (1873); et al. 
l2 Schmidt, Ber., 33,3251 (1900); Wieland and Rahn, ibid., 54, 1770 (1921). 
18 Cf. Fieser, "The Sulfonation of Phenanthrene. 11. Disulfonation," THIS 

JOURNAL, 51,2471 (1929) 
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It is possible that an investigation of the oil which appears in such large 
quantities in the customary procedure in carbon disulfide solution will give 
further information. The extent to which the nitrobenzene used as solvent 
influences the reaction in a qualitative or quantitative way is difficult to 
estimate. 

Experimental Part 

The phenanthrene used in the experiments described below was a purified product 
of m. p. 98-99'; the nitrobenzene was dried over calcium chloride. 

2- and 3-Acetylphenanthrenes, C14H9COCH8.--One hundred and thirty-two grams 
of finely powdered aluminum chloride was added in small portions to 600 g. of nitro- 
benzene, and the resulting clear solution then mixed with a solution of 80 g. of phenan- 
threne in 240 g. of nitrobenzene. The solution was cooled in ice water and 48 g. of 
freshly-distilled acetyl chloride was added all at  once. After half an hour's standing in 
ice water, the dark clear solution stood a t  room temperature (25O) for six to seven hours. 
I t  was poured into a large amount of ice and treated with 80 cc. of concentrated hydro- 
chloric acid. In  all, 400 g. of phenanthrene, in five lots, was so treated, and the united 
products distilled with steam to remove nitrobenzene as completely as possible. The 
distillation residue was a dark brown viscous mass which on digestion with ether largely 
went into solution. The ether-insoluble portion, a dark crystalline mass, was purified 
in two ways. 

(1) I t  was spread on a clay plate to remove oils and then refluxed with animal 
charcoal in methyl alcohol. From the filtrate the 2-acetylphenanthrene separated in 
nearly pure, faintly colored, thick needles, of m. p. 13&142'. The methyl alcohol- 
insoluble carbonaceous mass weighed 5 g. After two recrystallizations from methyl or 
ethyl alcohol or benzene, the ketone was obtained pure white, m. p. 143' (corr.). 

(2) To avoid the purijication with methyl alcohol, in which the P-acetylphenan- 
threne is very sparingly soluble (benzene cannot be used, because i t  dissolves the im- 
purities as well), the ether residue above was twice distilled a t  a pressure of 2-3 mm. in 
a sabre flask. The colorless distillate crystallized immediately and was purified from 
benzene. The two methods gave about the same yields. 

3-Acetylphenauthrene, C14H9COCH3.-The ethereal solution from extraction of the 
steam distillation residue above was dried over sodium sulfate and the ether distilled off. 
The residue solidified soon to dumps of crystals. From methyl alcohol this separated 
only as an oil; i t  was therefore extracted in a Soxhlet apparatus with petroleum ether 
(b. p. 40-60 O), leaving a very small portion undissolved. After removal of the petroleum 
ether, the product was distilled at  2-3 mm., giving an oil which soon crystallized. This 
could be recrystallized from methyl alcohol, in which it is very soluble, yielding 
3-acetylphenanthrene as clumps of needles, m. p. 72'. 

In this crystallization a small amount (0.5 g.) of a nearly insoluble substance was 
obtained as long thin white needles of m. p. 279-280" (uncorr.), which has not yet been 
identified. Traces of the 2-acetyl compound were also found a t  this point. 

From 400 g. of phenanthrene, 315 g. of pure 3-acetylphenanthrene (63.5%), 75 
g. of pure 2-acetylphenanthrene (15%), and 0.5 g. of the 280" product were obtained. 

2-Acetylphenanthrene is soluble with difficulty in methyl or ethyl alcohol, petro- 
leum ether or ligroin, more soluble in benzene or glacial acetic acid. 

Anal. Subs., 0.0777: C G ,  0.2471; H20, 0.0397. Calcd. for CleHlaO: C, 87.23; 
H,5.50. Found: C,86.73; H'5.72. 

2-Acetylphenanthrene Semicarbazone.-One-half gram of the ketone was dissolved 
in hot alcohol and treated with 10% more than the calculated amount of semicarbazide 
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hydrochloride and sodium acetate in concentrated aqueous solution. The mixture was 
warmed for ten minutes and after a short time the semicarbazone separated crystalline. 
It crystallizes from alcohol, in which it is only slightly soluble, in leaflets. After drying 
in vacuum a t  100°, it melted at about 260" with gas evolution, then solidified and melted 
again a t  297-299" (uncorr.) with decomposition. The same melting phenomenon was 
shown in a vacuum melting point tube. 

Anal. Subs., 4.994 mg.: 0.678 cc. of N (27O, 747 mm.). Calcd. for C1,HlaONa: 
N, 15.16. Found: N, 15.18. 

2-Acetylphenanthrene Pheny1hydrazone.-A hot glacial acetic acid solutlon of 
0.5 g. of ketone was treated with a hot solution of 0.27 g. (10% excess) of phenylhydra- 
zine in glacial acetic acid. The phenylhydrazone separated after a short time in faintly 
yellow, shining leaflets, which were washed with a little acetic acid; m. p. in evacuated 
tube, 187-188" (corr.), turning brown. 

Anal. Subs., 5.009 mg.: 0.406 cc. of N (27". 750 mm.). Calcd. for C22H18N2: 
N, 9.03. Found: N, 9.10. 

Oxidation with Chromic Acid 

2-Acetylphenanthrene-9,lO-quinone, CI~H,O~COCH~.--O~~ gram of ketone was 
warmed to  solution in 20 cc. of glacial acetic acid and treated with 1.0 g. of chromic an- 
hydride in 2 cc. of water and 5 cc. of glacial acetic acid, not permitting the temperature 
to  rise above 80". After ten minutes at 70-SO0, the solution was cooled and the quinone 
separated as a fine crystalline precipitate. Recrystallized from glacial acetic acid, it 
formed fine orange-yellow needles, melting in vacuum a t  223-224" (corr.) (sintering a t  
218"). 

Anal. Subs., 0.1015: C02, 0.2862; H20, 0.0389. Calcd. for CieHloOa: C, 76.78; 
H, 4.03. Found: C, 76.90; H, 4.29. 

Oxidation with Sodium Hypochlorite 

Phenanthrene-2-carboxylic Acid, C14HsCOOH.-A suspension of 3.0 g. of ketone 
in somewhat more than the calculated amount of 2% aqueous sodium hypochlorite 
solution was boiled gently for three hours. After an hour, the sparingly soluble sodium 
salt of phenanthrene-2-carboxylic acid began to  separate. The odor of chloroform was 
perceptible during the reaction. At the end of the oxidation sufficient water was added 
to dissolve the salt and the unchanged ketone shaken out into ether. The acid was pre- 
cipitated from the aqueous solution by hydrochloric acid; the yield of the crude dry 
product was 70% of the theoretical. I t  was recrystallized from glacial acetic acid, m. p. 
258.5-260' (uncorr.). I t  was analyzed in the form of its esters. 

Phenanthrene-2-carboxylic Acid Ethyl Ester.-One gram of the acid in 20 cc. of 
absolute alcohol with 1.5 g. of concentrated sulfuric acid was refluxed for three hours. 
After removal of most of the alcohol in vacuum, the residue was poured into a large 
amount of water, whereupon the ester separated crystalline. I t  was extracted into ether 
and freed from unchanged acid by shaking with dilute sodium hydroxide. The residue 
from the ether was recrystallized from petroleum ether as white needles of m. p. 73- 
73.5 ". The yield was nearly quantitative. 

Anal. Subs., 0.1289: C02, 0.3844; H20, 0.0695. Calcd. for Ci~HinOz: C, 81.56; 
H, 5.64. Found: C, 81.33; H, 6.03. 

Phenanthrene-2-carboxylic Acid Methyl Ester.-This was prepared by esterifica- 
tion with methyl alcohol, in the manner described above. It was recrystallized from 
methyl alcohol, and consisted of white needles, m. p. 96-96.5" (corr.), yield quantitative. 

Anal. Subs., 0.1130: COz, 0.3363; H20, 0.0533, Calcd, for CipHlzOZ: C, 81.32; 
H, 5.12. Found: C, 81,17; H, 5.28, 
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Phenanthrene-2-carboxylic Acid h i d e ,  C14H9CONHz.--The amide was prepared 
from the acid chloride by the action of ammonia. Five grams of the acid was boiled for 
one and one-half hours with five times the calculated amount of thionyl chloride. By 
evaporation of the excess thionyl chloride in vacuum, a slightly colored crystalline acid 
chloride resulted directly, which was used without further purification. One gram of the 
crude acid chloride was added to  a solution of 0 5 g. of sodium hydroxide in 12 cc. of 
20% ammonia. This was warmed for three and one-half hours on the steam-bath with 
frequent shaking and addition of two 5-cc. portions of 20% ammonia. The precipitate 
of the amide was filtered out and washed with water. Only traces of the carboxylic acid 
could be detected with hydrochloric acid in the filtrate. The amide crystallizes from 
methyl alcohol or benzene, in which it is sparingly soluble, in silky white needles of m. p. 
242 243" (corr.). 

Anal. Subs., 4.512 mg.: 0.259 cc. of N (25", 755 mm.). Calcd. for Ci~H110N: 
N, (5 33. Found: N, 6.53. 

For comparison with the product obtained from oxidation of the 2-ketone, phenan- 
tl~rene-2-carboxylic acid was prepared from barium phetlanthrene-2-~ulfonate.~.6 This 
yielded on dry distillation with potassium ferrocyanide the phenanthryl-2-cyanide, 
agreeing in melting point with Werner's6 cyanide (104.5-105° corr.). The acid ob- 
tained by hydrolysis of the cyanide was identical with that from the 2-ketone, as shown 
by mixed melting point and mixed melting point of the methyl esters. The extreme 
insolubility of the potassium salt is noteworthy. 

3-Acetylphenanthrene, ClnH9COCHa.-Isolation as described above; m. p. 72 "; 
white needles, quite soluble in methyl or ethyl alcohol, glacial acetic acid or benzene; 
soluble with difficulty in petroleum ether. 

Anal. Subs., 0.0972: C02, 0.3100; HsO, 0.0482. Calcd. for Cl,jH110: C, 87.23; 
H,5.50. Found: C,86.98; H,5.55. 

3-Acetylphenanthrene Semicarbazone.-White needles of m. p. 22s-230" (corr.), 
sparingly soluble in alcohol. 

And. Subs., 5.045 mg.: 0.689 cc. of N (2g0, 749 mm.). Calcd. for CI~HISONS: 
N, 15.16. Found: N, 15.21. 

3-Acetylplienanthrene Pheny1hydrazone.-Faintly yellow needles of m. p. 192.5- 
194" (corr.) in vacuum. 

Anal. Subs., 4.845 mg.: 0.389 cc. of N (26O, 753 mm.). Calcd. for CzzHlgNa: 
N, 9.03. Found: N, 9.08. 

3-Acetylphenanthrene-oxime.-A solution of 1.0 g. of 3-ketone in 15 cc. of alcohol 
was treated with an aqueous solution of 0.7 g. of hydroxylamine hydrochloride (2  moles), 
neutralized with sodium carbonate and refluxed for one hour. After filtering from the 
sodium chloride, the reaction mixture deposited needles; recrystallized twice from 
methyl alcohol, these melted a t  143.5-144' (corr.). 

Anal. Subs., 4.588 mg.: 0.241 cc. of N (24", 754 mm.). Calcd. for c16HlsON: 
N, 5.96. Found: N, 5.99. 

From the mother liquors from the preparation of the oxime a more soluble substance 
of m. p. 181-182' (uncorr.) could be obtained in very small quantities It is possible 
that this represents a stereoisomeric oxime; the small quantity available was not ob- 
tained pure enough for analysis. 

3-Acetylphenanthrene Picrate.-The picrate was obtained by mixing hot aIcoholic 
solutions of the calculated amounts of the components. I t  consisted of bright yellow 
needles of m. p. 125-125.5' (corr.). 

Anal. Subs., 5.079 mg.: 0.411 cc. of N (21', 755 mm.). Calcd. for C~~HISOSNP:  
N, 9.36. Found: N, 9.24. 
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Oxidation with Chromic Acid 

3-Acetylphenanthrene-9,lOquinone.-The oxidation was carried out like that of 
the %ketone; because of its greater solubility, the quinone must in this case be precipi- 
tated out with water. I t  crystallizes in brick-red needle rosets from glacial acetic acid, 
m. p. 217-218.5' (corr.) in vacuum (sintering a t  214O). 

Anal. Subs., 0.1307: C02, 0.3681; H20, 0.0500. Calcd. for C~eHioOa: C, 76.78; 
H, 4.03. Found: C, 76.81; H, 4.28. 

Oxidation with Sodium Hypochlorite 

Phenanthrene 3-Carboxylic Acid.-The oxidation, carried out as in the case of the 
2-acetyl compound, gave a 75% yield of the 3-carboxylic acid as white needles, very 
sparingly soluble in glacial acetic acid, and melting a t  270 O (uncorr.). 

Phenanthrene 3-Carboxylic Acid Ethyl Ester.--White needles from petroleum ether, 
of m. p. 56-57' (corr.). 

Anal. Subs., 0.1278: Cot, 0.3829; H20, 0.0671. Calcd. for C1,HlrOa: C, 81.56; 
H, 5.64. Found: C, 81.71; H, 5.88. 

Phenanthrene 3-Carboxylic Acid Methyl Ester.-White needles from methyl al- 
cohol, m. p. 94.5-95' (corr.). (Recently prepared by Fiesefl from the silver salt and 
methyl iodide.) 

Phenanthrene-3-carboxylic acid amide (prepared from the crude acid chloride) 
melts a t  233-234O (corr.); Werner gives the melting point as 228' (uncorr.). 

For comparison, phenanthrene-3-carboxylic acid was prepared according to Werner, 
from potassium phenanthrene-3-sulfonate, and was found to agree in properties. Po- 
tassium phenanthrene-3-carboxylate crystallizes in unusual form, hair-like needles, 
bowed into semicircular form. No depression was observed in a mixed melting point 
of the free acids, esters or amides. 

Phenanthrene-g-carboxylic Acid Methyl Ester.-White needles from methyl alco- 
hol, m. p. 116" (corr.). 

Anal. Subs., 0.1155: C02, 0.3443; H20, 0.0562. Calcd. for ClaH1zO2: C. 81.32; 
H, 5.12. Found: C, 81.30; H, 5.44. 

Phenanthrene-9-carboxylic Acid hide.-The amide was prepared from the crude 
acid chloride with ammonia. I t  crystallizes from benzene in silky needles of m. p. 
232-233 (corr .). 

Anal. Subs., 5.145 mg.: 0.289 cc. of N (24O, 755 mm.). Calcd. for ClsHllON: 
N, 6.33. Found: N, 6.41. 

Summary 
The preparation of 2-acetylphenanthrene and 3-acetylphenanthrene 

in satisfactory yields has been described. 
Through the smooth oxidation of the acetyl derivatives to the carboxylic 

acids, a good preparative way to phenanthrene-2-carboxylic acid and 
phenanthrene-3-carboxylic acid is opened. 
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THE COMPOSITION OF AN ALDOBIORIC ACID FROM FLAXSEED 
MUCILAGE 

BY ERNEST ANDERSON AND J. A. CROWDER 
RECEIVSD JUNE 30, 1930 PUBLI~HED SEPTEMBER 5, 1930 

In 1903 Hilgerl hydrolyzed flaxseed mucilage and found in the hydrolytic 
products the sugars d-glucose, d-galactose, 1-xylose and 1-arabinose, to- 
gether with an acid by-product. In 1913 Neville2 verified the work of 
Hilger on this mucilage. Abderhalden3 states that this mucilage yields in 
addition to sugars, an acid complex which contains pentoses and hexoses. 

The investigation reported in this paper deals with the aldobionic acid 
formed during the partial hydrolysis of flaxseed mucilage. This acid is 
composed of one molecule of d-galacturonic acid joined through its aldehyde 
group to a molecule of I-rhamnose. While the position of the oxide ring in 
the galacturonic acid and of the glucosidic union on the I-rhamnose have 
not been established, the following structure is suggested. 

H 
CHa 

H-C . 

Experimental Part 
Preparation of the Calcium Salt of the Aldobionic Acid.-Flaxseed mucilage was 

prepared according to the directions of Neville.'.4 One kilogram of the air-dry mucilage 
was dissolved in 6 liters of 4% sulfuric acid and heated in a boiling water-bath for 
twenty hours. The solution was cooled, neutralized by excess calcium carbonate, 
heated in a boiling water-bath to complete the neutralization and filtered from the in- 
soluble material. The filtrate was concentrated in vacuo to a volume of 1.5 liters, de- 
colorized by norit and the salts precipitated in a large dish by addition of 3 volumes of 
9570 ethanol. After standing overnight with fresh 95% ethanol the salts were tri- 
turated with a pestle until granular, filtered, washed with alcohol and ether and dried 
on a porous plate. The yield was 340 g. 

Purification and Analysis of the Calcium Salts.-The crude calcium salts were 
purified by the method of Levene.5 For this purpose 340 g. of salts was dissolved in 
-- 

I Hilger, Ber., 36, 3197 (1903). 
Neville, 3. Ag. Sci., 5, 113 (1913). 
"Biochemische Handlexikon," Julius Springer, Berlin, 1911, Band 2, p. 78. 
C. A. Morrow, "Biochemical Laboratory Methods," John Wiley and Sons, New 

York, 1927. 
Levene, J. Biol. Chem., 71,471 (1927); Goebel, ibid., 72,813 (1927). 
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900 cc. of water, 1800 cc. of 95% ethanol added, the mixture heated in a boiling water- 
bath and then allowed t o  stand overnight. The clear supernatant liquid was decanted, 
concentrated in vacuo t o  a volume of 200 cc. and the salts precipitated by addition of 
4 volumes of 95% ethanol. This was called salt "A." It weighed 24 g. Proceeding 
in the same general way, the solid residue was separated into fraction "B," weight 65 g., 
fraction "C," weight 60 g., and fraction "D," weight 75 g. 

Samples of each of the above fractions were ground until they would pass an 80-mesh 
sieve and the analytical determinations described below then made. 

Moisture.-Moisture was determined by drying 0.25-g. samples to  constant weight 
in an Abderhalden vacuum drier using phosphorus pentoxide and a bath of boiling tolu- 
zne. 

Ash.-Calcium salts were burned a t  a low temperature and finally heated to con- 
stant weight over a blast lamp. Barium salts were burned a t  a low temperature but not 
heated over the blast. This gave barium carbonate. Barium was also determined as 
the sulfate in the regular way. 

Uronic Acid.-The hexose uronic acid was determined by the method of LefBvre.6 
This is an accurate determination. It is shown later that  d-galacturonic acid is the 
uronic acid present. This can be determined approximately by oxidation to mucic acid 
by means of nitric acid but the method is not quantitative.7 

Methyl Pentose.-It is shown later that I-rhamnose is present in the aldobionic 
acid; hence the percentage of this sugar is calculated from the pentosan determination. 
This determination was made according t o  the A. 0. A. C.8 Since the uronic acid 
yields furfural, the phloroglucide precipitate resulting from the decomposition of the 
uronic acid must be calculated, using the factor determined by I,ef&vre.* When this 
calculated weight of phloroglucide is deducted from the total weight of phloroglucide, 
the  remainder is the phloroglucide corresponding t o  the I-rhamnose present. From this 
weight the percentage of I-rhamnose hydrate is calculated using the table of Ellett.'o 

Since methyl furfural phloroglucide is soluble in alcohol, the percentage of l-rham- 
nose can also be determined by dissolving out the methyl furfural phloroglucide accord- 
ing t o  the method of Ellett and Tollens,ll and Haywood.12 It is well known that  the 
methyl pentose determination is not accurate but merely an approximation. 

The Aldehyde Group.-The percentage of aldehyde present, calculated as CHO, 
was determined by the method of Cajori.13 This method was devised for the aldehyde 
group in mono and disaccharoses. Cajori states that  the oxidation of glucose by iodine 
in sodium carbonate solution is complete in twenty-five minutes. Some sugars, however, 
require a longer time. The oxidation of the aldehyde group in the aldobionic acid under 
investigation required three hours for completion. 

The purified calcium and barium salts of the aldobionic acid reduce Fehling's solu- 
tion strongly. On the other hand, calcium and barium salts of the dibasic acid obtained 
by oxidation of the aldobionic acid with barium hypoiodite show no reduction of Feh- 
ling's solution. 

@ A .  W. van der Haar, "Anleitung zum Nachweis, zur Trennung und Bestimmuilg 
der Monosaccharide und Aldehydesauren," Gebriider Borntraeger, Berlin, 1920, pp. 
71-76; Lef6vre and Tollens, Ber., 40,4513 (1907). 

Schorger, J. Ind. Eng. Chem., 8, 498 (1916). 
"Methods of Analysi.;," A. 0. A. C., 1925. 
Van der Haar, Ref. 6, p. 75. 

lo Van der Haar, Ref. 6, p. 82. 
" Ellett and Tollens, Z. deut. Zuckerind., 42, 19 (1905) 
l2 Haywood, U. S. Bureau of Chemistry, Bull. 105, 1907, p. 112. 

Cajori, 3. Biol. Chem , 54, 617 (1922). 
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Galacturonic 
acid as Reducing 

Ash muwc Methyl rupar 
Ftaction (CaO),  % COa, % acid, % pentose, % as CHO, % [a]; 

An inspection of the above table indicates little difference in the com- 
position of the various fractions. Deviations in the analyses of the various 
fractions, particularly in the ash, were probably due to the presence of 
calcium sulfate as an impurity. The data approximate the theoretical 
for the calcium salt of an aldobionic acid consisting of one hexose uronic 
acid molecule and one molecule of a methyl pentose, but the results are riot 
conclusive. 

Identification of the Constituents of the Aldobionic Acid.-The naph- 
thoresorcinol test and the yield of carbon dioxide by the method of I,ef&vre 
proved the presence of a hexose uronic acid. This was identified as d- 
galacturonic acid by the method of Heidelberger and Goebel.I4 Twenty 
grams of fraction D salts was dissolved in 200 cc. of (3% hydrobromic acid 
containing 10 cc. of bromine. This mixture was heated under a reflux 
condenser in a boiling water-bath. After four hours a white crystalline 
precipitate began to form. After heating for ten hours the precipitate was 
filtered off and found to weigh 6.4 g. It was purified by dissolving in the 
calculated amount of dilute sodium hydroxide and reprecipitating with 
acid, and identified as mucic acid, melting point 210'. 

The sugar present in the aldobionic acid would be oxidized in the above 
process to a monobasic acid and remain in the filtrate from the mucic acid. 
This filtrate was freed of excess bromine and hydrobromic acid and con- 
centrated to a volume of 15 cc. To this solution was added 1 g. of phenyl- 
hydrazine hydrochloride. After twelve hours a light brown crystalline 
needle-like solid separated out. After recrystallization from hot ethanol 
the product melted a t  193' and was identical with I-rhamnonic hydrazide. 

T o  further establish the presence of I-rhamnose in the aldobionic acid, 20 g. of cal- 
cium salts D was dissolved in six times its weight of 4% sulfuric acid and hydrolyzed in 
the autoclave a t  a gage pressure of one atmosphere for six hours. The acids were 
removed from this solution by neutralizing with calcium carbonate, filtering, concentrat- 
ing and precipitating the salts with alcohol. The alcohol solution of the sugars was 
concentrated in vacuo to  a sirup. A portion of this sirup in water solution was no t  fer- 
mented by yeast, though when glucose was added it  readily fermented. This proves the  
absence of glucose, mannose and fructose. The remainder of the sirup was oxidized 
by bromine to the monobasic acid and this acid converted t o  the phenylhydrazide, 
which did not crystallize until seeded with pure rhamnonic hgdrazide. This on re- 

l4 Heidelberger and Goebel, J. Biol. Chem , 74, 616 (1927). 
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crystallization from 95% ethanol gave crystalline needles melting at  193 O and identical 
with I-rhamnonic phenylhydrazide. 

Finally, crystalline I-rhamnose hydrate was isolated by hydrolysis of the acid, as 
follows. Fifty grams of mixed calcium and barium salts of the aldobionic acid was 
hydrolyzed in the autoclave and the sugar sirup isolated as already described. This sirup 
was decolorized by norit, all salts removed by solution in absolute alcohol and filtering, 
the solvent distilled off in vacuo, the gum dissolved in half its weight of water and an 
equal volume of glacial acetic acid added.l"n seeding with I-rhamnose hydrate the 
mass became solid with crystals. The yield was 7 g. The melting point was 92-94O 
and the specific rotation was -7.8, constant after ten minutes. 

Later experiments on the isolation of I-rhamnose hydrate from flaxseed mucilage 
indicate that the sirup must be fairly pure and contain small amounts of water. Salts 
and other impurities interfere with the crystallization. 

Preparation and Analysis of the Barium Salt of the Aldobionic Acid.-Considerable 
difficulty was met in purifying the calcium salt of the aldobionic acid. Some calcium 
sulfate remained in all the fractions even after repeated precipitation of the salts. On 
the other hand, the barium salt in a fairly pure state can be more readily prepared. For 
this purpose 200 g. of the mucilage was mixed with six times its weight of 4% sulfuric 
acid and heated in a boiling water-bath for twenty hours. The acid was neutralized 
by the careful addition of barium hydroxide solution and an excess of barium carbonate. 
The barium sulfate was filtered off, the solution concentrated in vacuo and the barium 
salt isolated by precipitation with alcohol. The yield of salt was 40 g. This salt was 
purified by solution in water, a small amount of alcohol was added to precipitate a trace 
of gum and any suspended barium sulfate, the solution filtered and the pure barium 
salt precipitated by alcohol and analyzed. 

Analysis of the Barium Salt of the Aldobionic Acid.-Barium determined as BaCOs: 
found, 17.2%; calcd., 16.85%. Galacturonic acid from the COP determination: found, 
48.06%; calcd., 47.60%. Galacturonic acid from mucic acid determination: found, 
41.92%; calcd., 47.60%. Aldehyde group: found, 7.09%; calcd., 7.11%. 1-Rham- 
nose hydrate: found, 34.9%; calcd., 44.6%. Specific rotation, +7g0. 

The calculated percentages given above are for the barium salt of an aldobionic 
acid composed of one molecule of d-galacturonic acid and one molecule of I-rhamnose 
with the loss of one molecule of water. The experimental results check very closely 
with the theoretical values, except in the case of the mucic acid and methyl pentose de- 
terminations, both of which are known to be inaccurate methods. 

Oxidation of the Aldobionic Acid to a Dibasic Acid.--Fifteen grams of the barium 
salt of the aldobionic acid was oxidized to the dibasic acid by means of barium hypo- 
iodite.6 The yield of the barium salt of the dibasic acid was 6.5 g. This salt did not 
reduce Fehling's solution but gave a positive naphthoresorcinol test and the following 
results on analysis: Ba as BaS04, found 24.8%; calcd., 26.00% galacturonic acid from 
COX determination, found, 39.02; calcd., 39.46%-galacturonic acid from the mucic 
acid determination, found, 36.10%; calcd., 39.46yo-specific rotation, +72 ". 

The Structure of the Aldobionic Acid.-The experimental work proves 
conclusively that the aldobionic acid consists of one molecule of d-galac- 
turonic acid combined with one molecule of 1-rhamnose. In this compound 
one aldehyde group is free and the other combined. If the aldehyde group 
of I-rhamnose is free and that of d-galacturonic acid is combined, then the 
dibasic acid formed by oxidation of the aldobionic acid with barium hypo- 

' 6  Sands and Klaas, THIS JOURNAL, 51,3441 (1929). 
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iodite would consist of d-galacturonic acid combined with 1-rhamnunic acid. 
Such a compound would give a high percentage of carbon dioxide when 
heated with 12% hydrochloric acid, a low percentage of furfural and a 
positive naphthoresorcinol test. These are the results obtained. On the 
other hand, if in the aldobionic acid the aldehyde group of the d-galac- 
turonic acid is free while the aldehyde group of the 1-rhamnose is com- 
bined, then the dibasic acid formed by oxidation would consist of mucic acid 
combined with Z-rhamnose. Such a compound would give no carbon 
dioxide, a high percentage of furfural and a negative naphthoresorcinol test, 
These results were not obtained. These facts prove conclusively that in 
the aldobionic acid the linkage is from the aldehyde group of the d-galac- 
turonic acid to one of the secondary alcohol group of the 2-rhamnose. 

Summary 
Flaxseed mucilage yields on hydrolysis an aldobionic acid consisting of 

one molecule of d-galacturonic acid and one molecule of 1-rhamnose. The 
molecule is joined together by a gfucosidic linkage involving the aldehyde 
group of the d-galacturonic acid and an alcohol group of the I-rharnnose. 
This mucilage is similar in composition and structure to some of the plant 
gums. 

Further work on the structure of the mucilage is in progress. 
TUCSON, ARIZONA 

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, UNIVERSITY OP MARYLAND] 

PARA-PHENYLPHENACYL BROMIDE, A REAGENT FOR 
IDENTIFYING ORGANIC ACIDS1 

BY NATHAN I,. DRAKE AND JACK BRONITSKY 

Phenacyl bromide and the p-halogen substituted phenacyl bromides 
have been used with great success by Reid and his co-workers2 for preparing 
esters which are excellently adapted for characterizing the organic acids 
therein combined. Such ap ester may be prepared easily by the action of 
the bromide on the sodium salt of an acid in aqueous alcoholic solution; 
as a rule the ester crystallizes well and may be purified easily by a few 
crystallizations from aqueous alcohol. The reaction involved may be 
represented 

p-XCeHd2OCHzBr + NaOCOR = p-XCBH~COCHZOCOR + NaBr 

From a thesis submitted to the Graduate School of the University of Maryland 
by Jack Bronitsky in partial fulfilment of the requirements for the degree of Master of 
Science. 

2 Reid and co-workers, THIS JOURNAL, 41, 75 (1919); 42, 1043 (1920); 52, 818 
(1930). 
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The melting points of the esters from a given acid increase as X varies fro~n 
hydrogen to chlorine to bromine to iodine. The iodophenacyl ester has the 
highest melting point, but in certain cases the melting point of even this 
derivative is so low as to make purification by crystallization difficult, 
particularly when small quantities of material are involved. Furthermore, 
with several acids Reid was unable to obtain a satisfactory solid derivative 
with any of the above-mentioned reagents. 

The authors appreciated the facility with which the phenacyl esters may 
be prepared, but they desired a reagent which would yield, with certain 
acids containing highly branched chains, esters of melting points sufficiently 
high that purification by crystallization would be easy. A few tenths of a 
gram of acid would then suffice for its identification. 

p-Phenylphenacyl bromide was consequently prepared, in the hope that 
the phenylphenacyl esters which could be derived from it would satisfy 
these requirements. Inasmuch as diphenyl is today a readily obtainable 
substance3 and all the reactions involved in the preparation of the bromide 
give good yields, phenylphenacyl bromide is inexpensive and easy to pre- 
pare. Furthermore, examination of the properties of the esters obtained 
from a number of representative organic acids listed in the table clearly 
shows that in every case they compare favorably in melting point with the 
corresponding p-halogenated phenacyl esters. Of the ten acids which 
admit of comparison, the melting points of the p-phenylphenacyl esters 
are higher than those of the p-iodophenacyl esters in five instances, and 
do not differ by more than three degrees in two others. With only three 
acids out of eighteen, viz., succinic, citric and caproic, were esters obtained 
which melted lower than the corresponding p-bromophenacyl esters, and 
the maximum difference was 6.B0--the $-phenylphenacyl ester of caproic 
acid melted at 65', and the p-bromophenacyl ester melted a t  71.6'. In 
addition, the solubility behavior of the phenylphenacyl esters is such that 
purification by crystallization is easily accomplished. 

A more significant advantage of the new reagent lies in the fact that no 
carboxylic acid which we have so far investigated has failed to give a solid 
derivative. Referring again to the table, it is seen that of the twenty-four 
acids selected from those with which Reid worked, but eighteen yielded 
crystalline derivatives. p-Phenylphenacyl bromide, however, yielded a 
solid derivative in every case. I t  was not found possible to prepare the 
$-phenylphenacyl ester of benzene sulfonic acid in the usual way. 

The procedure adopted for the preparation of p-phenylphenacyl esters 
was as follows. A weighed amount of acid (0.005 mole) was added to 5 cc. 

Technical diphenyl is quoted in Ind. Eng. Chem., for May, 1930, a t  40 cents per 
lb. This substance is obtainable from the Federal Phosphorus Company of Birmingham, 
Alabama. The authors wish to  express their thanks t o  this organization, which kindly 
supplied some of the diphenyl used in this research. 
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of water in a small Erlenmeyer flask, and then 0.0025 mole of sodium car- 
honate. 'L'he mixture was testedfor acidity, and just enough more acid was 
added to make the solution acid to litmus; 10 cc. of alcohol was then 
put in, and if the salt of the acid was not thrown out of solution, 0.003 mole 
of the bromide was added and the mixture refluxed for an hour or more, 
depending on the acid inv~lved .~  If the acid salt was thrown out by the 
alcohol, a bit more water was added until the salt dissolved. The amounts 
of material recommended above yielded a quantity of ester which was 
sufficient, after purification, for elementary analyses. If only sufficient 
ester was desired for melting point comparisons, half of the amounts 
mentioned above yielded equally good results. 

Some of the esters prepared were sparingly soluble in the reaction 
mixture and crystallized from the boiling solution. In the majority of 
cases, however, crystal formation did not take place until the reaction 
mixture was cooled, and in a few instances it was necessary to  concentrate 
the solution to obtain a sufficiently large crop of crystals. 

In most cases the ester formed rapidly, and many times a period of 
heating as short as twenty minutes was sufficient to bring about prac- 
tically complete conversion of the acid salt into ester. 

Certain dibasic acids whose sodium or potassium salts were sparingly 
soluble in aqueous alcohol of the requisite strength caused difficulty, and 
ester formation could not be brought about in the usual way. However, 
substitution of the methyl ammonium salts for the alkali salts made it 
possible to operate in such a fashion that at  the outset all the reactants 
were in solution. When an ester was prepared in this way, it was found 
particularly important to have present a very slight excess of acid so that 
the reaction of the medium was not basic to litmus. If this precaution was 
not taken, colored by-products were formed which were very difficult to 
remove from the ester by subsequent recrystallizations. The ester pre- 
pared in the proper way was colorless. 

In  almost every case two recrystallizations of the crude ester proved 
ample to yield a substance whose melting point did not change on further 
crystallizations. 

Experimental 

Adam15 who first prepared phenylacetophenone, described his product 
as the 3-phenyl derivative. Vorlander1

6 however, showed that  the com- 
pound which Adam prepared was probably 4-phenylacetophenone, and 

Reid recommends refluxing monobasic acids for one hour, dibasic acids for two 
hours and tribasic acids for three hours; in many cases it is certain that  when using 
9-phenylphenacyl bromide refluxing for a shorter period would be equally satisfactory. 

Adam, Ann. Chim., [B] 15,255 (1888). 
Vorlander, Ber., 40,4535 (1907). 
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later work has confirmed Vorlkder's contention. D i l the~ ,~  by oxidation 
of the benzal derivative of Adam's phenylacetophenone, obtained a di- 
phenyl carbonic acid whose melting point and properties proved it to be 
identical with an acid prepared by S~hlenk ,~  whose carbonyl was in the 
4-position. 

p-Phenylphenacyl bromide is not mentioned in the literature, although 
the corresponding chloride was described by C ~ l l e t , ~  who prepared it by 
the Friedel and Crafts synthesis 

AlCla 
CQH~&HK + ClCHzCOCl ---+ Ce.HaCsH4COCHzCI + HCI 

He describes the substance as a crystalline yellowish powder, soluble in 
alcohol, and possessing a melting point of 122-123'. Collet proved the 
location of the substituting group by oxidizing the chloro ketone to the 
corresponding acid. Collet's chloride was undoubtedly impure and 
should have been colorless. 

p-Phenylphenacyl bromide was prepared by a method illustrated by the 
reactions 

AlCla 
CeHsCeHr + (CHsC0)zO ----+ CsHsCeHrCOCHa + CH3COOH 

CHL!OOH 
C ~ I K C ~ ~ C O C H ~  + Bra ------+ CBHSCBH~COCH~B~ + HBr 

It crystallizes in long colorless needles and melts sharply at 125.5'. 
Preparation of pPhenylacetophenone.-The procedure used in preparing this 

substance was a modification of that for the synthesis of acetophenone;'@ 0.8 mole 
(120 g.) of diphenyl, 1.76 mole (236 g.) of anhydrous aluminum chloride and 700 cc. of 
anhydrous carbon disdfide were placed in a two-liter three-necked flask provided with a 
mechanical stirrer, a dropping funnel and a reflux condenser holding a tube to carry off 
the evolved hydrogen chloride. The mixture was heated on the steam-bath until gentle 
refluxing started, and then 0.8 mole (85 g.) of acetic anhydride (b. p. 136-137') was 
added. The addition of the anhydride required about an hour and the reaction mixture 
was refluxed gently for one hour after all of the anhydride had been added. When 
about three-quarters of the anhydride had been added, the addition product began to 
separate from the solution in the form of a curdy mass. Decomposition of the addition 
product was effected in the usual way by pouring the reaction mixture over ice and hydro- 
chloric acid. The precipitate of p-phenylacetophenone was atered on a Biichner 
funnel, washed several times with water, dried and distilled in vacuo. The carbon di- 
sulfide contains considerable of the ketone which can be recovered by evaporating the 
solvent. With very little forerunnings, the product boiled from 195 to 210' a t  18 mm. 
pressure. The yield of distillate was 131 g. with a melting point of 118". Crystalliza- 
tion from alcohol yielded a product melting a t  120-121 " in an amount corresponding to 
80% of that theoretically possible. 

Preparation of pPhenylphenacy1 Bromide.-The procedure used was a modification 
of that described by Reid1> for the preparation of the halogenated phenacyl bromides; 

Dilthey, J. prakt. Chem., [2] 101,194 (1920). 
8 Schlenk, Ann., 368,304 (1909). 

Collet, Bdl. soc. chim., 17, 510 (1897). 
lo "Organic Syntheses," John Wiley and Sons, Inc., New Pork, 1925, Vol. V, p. 19. 
" Reid, THIS JOURNAL, 41,77 (1919). 
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0.183 mole (36 g.) of p-phenylacetophenone was suspended in 200 cc. of glacial acetic 
acid, warmed gently on the steam-bath until a clear solution resulted, and then cooled 
as far as possible without the formation of cryitals. To this solution was added slowly 
0.183 mole (29.4 g.) of bromine. During the addition of the bromine, the temperature 
was not allowed to rise above 45 ". When about three-quarters of the bromine had been 
added, the brominated product separated from the solution. After two hours, the 
flask was cooled in an ice- and salt-bath, the product filtered and washed with a bit 
of cold glacial acetic acid and two 50-cc. portions of cold water. The yield of crude ma- 
terial was 42 g., its melting point 124.5-125.5'. Recrystallization from hot 95y0 alco- 
hol, with the addition of some activated charcoal to rcmove color, yielded a product 
melting a t  125.5O. Approximately 6.7 g. of pphenylphenacyl bromide dissolved in 100 
cc. of boiling alcohol, and about 1.3 g. in 100 cc. of cold (25 ") alcohol. 

TABLS I 
THE MELTING POINTS 01 A FEW p-PHENYLPHENACYL ESTERS COMPARED WITH THOSE 

OF SOME RELATED ESTERS 
P-Chloro- p-Bromo- 9-Iodo- P-Phenyl- 

Phenacyl phenacyl phenacyl phenacyl phenacyl 
Acid ester ester ester ester ester 

Formic oil ... neg neg. 74 
Acetic 40 67.2 85 114 111 
Propionic ... ... 59 94.9 102 
Butyric oil ... 63.2 81.4 97 
n-Valeric oil ... 63.6 78.6 63.5 
Isovaleric ... . . .  68.0 78.8 76 
Caproic . . .  ... 71.6 81.5 65 

... ... ... Dimethylethylacetic ... 86.5 
. . .  . . .  ... Heptylic ... 62 

Caprylic ... ... 65.5 77.0 67 
... Lauric 48.9 70 76.0 84 

Stearic 69 86 90 90.5 91 
Oleic oil ... neg. neg. 60.5 
Monochloro-acetic . . .  . .. neg. neg. 116 

. . .  ... Maleic 119 neg. 168 
Oxalic oil ... neg. neg. 165.5 dec. 

. . .  Succinic 148 197.5 211 208 
Lactic 96 ... 112.8 139.8 145 

. . .  Mucic . . .  ... neg. 149.5 dec. 

. . .  Citric 104 ... 148 146 
Benzoic 118.5 118.6 119 126.5 167 

... o-Toluic ... ... 56.9 94.5 

. . .  m-Toluic ... ... 108 136.5 

... ... p-Toluic ... 153 165 

... ... Cinnamic 140.5 145.6 182.5 

... Hippuric ... ... 151 163 

In the table neg. means that the reaction did not occur, or yielded products of no 
significance. The leaders signify that data are not available. Compiled from data 
given by Reid, THIS JOURNAI,, 4 1 , s  (1919); 42,1055 (1920); 52,818 (1930). 

Summary 
1. p-Phenylphenacyl bromide has been prepared. 
2. This substance has shown itself to be well adapted for preparing 
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solid esters of organic acids. The properties of these esters render them 
useful in the identification of organic acids. 

3. A number of representative esters have been prepared, and their 
melting points compared with those of the corresponding 9-nitrobenzyl 
esters, phenacyl esters, and p-halogen phenacyl esters, where such com- 
parison was possible. 

[A CONTRIBUTION FROM THE LABORATORIES OF THE UNIVERSITY OF MARYLAND AND THE 

U. S. INDUSTRIAL ALCOHOL COMPANY] 

SOME REPRESENTATIVE CARBONATES AND CARBO-ETHOXY 
DERIVATIVES RELATED TO ETHYLENE GLYCOL1 

BY NATHAN L. DRAKE AND RAY M. CARTER 

RECEIVED JULY 8, 1930 PUBLISHED SEPTEMBER 5,  1930 

Certain derivatives of ethylene glycol, in particular its ethers and esters, 
have become important in industry by reason of their solvent power for the 
cellulose esters. It seems strange, therefore, that there appears in the 
published literature no information regarding either the preparation or the 
properties of the carbonates and the carbo-ethoxy derivatives of the mono 
ethers of ethylene glycol. Allpress2 describes some carbonates and carbo- 
ethoxy derivatives of ethylene glycol, but the corresponding mono ethers 
have apparently not been made. 

It was decided, therefore, to study certain of these substances, in the 
hope that  they might prove of value in the lacquer industry as plasticizers. 
'I'he raw materials were 

I I1 I11 IV 
CHPOCHI CHzOCzHs CHzOCdHe CHzOCzHs 
I 

CHzOH 
I 
CHzOH 

I 
CHzOH 

I 

Methylcellosolve Cellosolve Butylcellosolve 

I 
CHzOH 
Carbitol 

The carbonates were prepared by the reaction of phosgene and the glycol 
ether in a manner analogous to the preparation of alkyl carbonates. 
Phosgene was bubbled from a cylinder of the compressed gas into a weighed 
amount of the glycol ether in a tall narrow cylinder. The cylinder was 
immersed in a bucket of water in order that its temperature might be kept 
close to  that of the laboratory, thus preventing the evolution of hydrogen 
chloride. At intervals the cylinder was removed and its increase in weight 

1 From a thesis submitted to the Graduate School of the University of Maryland 
by Ray M. Carter in partial fulfilment of the requirements for the degree of Master of 
Science. 

Allpress, J. Chem. SOG., 125,2259 (1924) 
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determined. When this increase indicated that the correct amount of 
phosgene had been introduced, the solution was heated, gently a t  first, 
then with increasing heat until boiling e n ~ u e d . ~  

After the reaction was complete, the mixture was worked up in one of 
two ways: by washing with water, neutralizing with dilute sodium hy- 
droxide, drying and fractionating, or by fractionating directly without 
preliminary neutralizing and drying. 

In some cases this general method yielded unsatisfactory results. When 
methylcellosolve or carbitol were the starting materials, side reactions 
occurred between the hydrogen chloride and the ether, yielding halogen- 
containing products, among which was some alkyl chloride. 

To obviate this difficulty, the glycol ether was first brought into reaction 
with metallic sodium and the resulting sodium glycolate treated with 
phosgene dissolved in benzene. 

In preparing the carbo-ethoxy derivatives, ethyl chlorocarbonate was 
caused to react with the glycol ether. It was found early in the work, 
however, that a side reaction giving rise to considerable carbonate of the 
glycol ether occurred if the ether and chlorocarbonate were refluxed to- 
gether. 

Allpress2 had noted earlier the formation of normal carbonate when 
ethylene glycol was heated with ethyl chlorocarbonate. In  our case 
the reaction may be represented 

CH20C%H, 
OCz& 1 

CHzOCzHs I CHz-0 
2 1 + C=O = \C=O + HCI + CzHsOH 

CH,OH I CH,-O/ 
C1 I 

CHzOCzHa 

It was found, furthermore, that this side reaction could be miqimized if 
the glycol ether was added dropwise to the ethyl chlorocarbonate boiling 
under reflux. 

Here, also, certain of the glycol ethers yielded halogen-containing by- 
products, but in these cases the use of the sodium glycolate in benzene 
suspension obviated any difficulty. 

All the compounds prepared had high boiling points, and preliminary 
experiments showed that i t  would be necessary to use a column that would 
maintain a high reflux ratio if good fractionation was to  be accomplished. 
Two columns were used. One was 81 cm. from bottom outlet to  side 
arm, the other 46 cm. Both were 2.5 cm. in internal diameter, the 
longer having a bottom outlet of 12 mm. internal diameter, and the shorter 
a bottom outlet of 19 mm. internal diameter. The longer of the two 
operated satisfactorily up to 225O, but above that point the lower outlet 

Except in the case of diethylene glycol ether, IV, where the boiling point was very 
high. 
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was too small for the amount of liquid refluxing, and the column flooded. 
The shorter column was therefore made, provided with a wider outlet. 
It operated satisfactorily up to 300' a t  a distillation rate of 120 drops per 
minute and an estimated reflux ratio of 20: 1. Both columns were heavily . 
lagged with asbestos, corks were covered with tin foil, and short pieces of 
glass tubing were used to pack the columns. It was found unnecessary to 
use water in the depblegmator ; while distilling the lower-boiling liquids, air 
was blown through the dephlegmator, but for the higher-boiling substances 
the air current was not necessary 

The solvent action of the different preparations on three different cellu- 
lose esters was examined. The cellulose esters used were (1) 20-30 second 
R. S. nitrocotton, (2) 15 sec. A. S. nitrocotton, (3) cellulose acetate, 0.4 
poise viscosity. These tests showed that both the carbonates and carbo- 
ethoxy derivatives of cellosolve, methylcellosolve and carbitol had high 
solvent power for both the A. S. and R. S. nitrocotton. The corresponding 
derivatives of the butyl ether were not such good  solvent:^, the carbo- 
ethoxy derivative being somewhat better than the carbonate. 

The only compounds which would dissolve cellulose acetate were the 
carbonate and carbo-ethoxy derivative of methylcellosolve. The other 
preparations merely swelled the cellulose acetate. 

The high boiling points of some of these materials, particularly the 
derivatives of diethylene glycol, make them of interest as possible lacquer 
plasticizers. 

Table I summarizes some of the properties of the eompounds prepared. 
The percentage of ester was determined by saponification in a pressure 
bottle with N/2 alcoholic sodium hydroxide. The only change in the 
standard procedure was the addition of 100 cc. of water and 50 cc. of 10% 
barium hydroxide to the contents of the bottle before back titration 
with N / 2  acid. Specific gravity was determined by means of a pyc- 
nometer. The boiling point was obtained by applying the proper stem and 
calibration correction to the temperature read during the fractionation. 
Refractive index was determined using an AbbC refractometer calibrated 
against distilled 

Carbonate 
Ethyl (8-methoxy- 

ethyl) 
Di(8-methoxyethyl) 
Ethyl (8-ethoxyethyl) 
Di(8-ethoxyethyl) 
Ethyl (B-butoxyethyl) 
Di(8-butoxyethyl) 
Ethylcarbitol 
Dicarbitol 

water. 
TABLE I 

PROPERTIES OF THE ESTERS 
Solvent action on 

R. S. A. S. Cellu- 
nitro- nitro- lose 
cotton cotton acetate 

Sol. 
Sol. 
Sol. 
Sol. 
S1. sol. 
S1. sol. 
Sol. 
Sol. 

Sol. 
Sol. 
Sol. 
Sol. 

+ Sl. sol. 
s1. sol. 
Sol. 
Sol. 

Sol. 
Sol. 
Swells 
Swells 

+ Swells 
Swells 
Swells 
Swells 
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Experimental 
Di(8-methoxyethyl) Carbonate.Seventy-nine and five-tenths grams of clean sodium 

was added to a solution of 300 g. of the monomethyl ether of ethylene glycol in 300 g. of 
benzene and a water-bath was used to bring the reaction to completion. To this mixture 
was added a benzene solution of phosgene, while the whole was kept cool in ice water. 
Phosgene was added until a distinct odor of it remained after shaking the reaction 
flask. Approximately 180 g. of phosgene was required. The salt which separated was 
dissolved by adding water and, after separation of the aqueous layer, the remaining 
oil was washed twice with 100-cc. portions of water. The product was dried over cal- 
cium chloride and distilled. 

Ethyl (6-Methoqyethyl) Carbonate.-Five hundred grams of the glycol ether was 
added dropwise to 827 g. of ethyl chlorocarbonate boiling under reflux. After all of the 
ether had been added, boiling was continued for an hour. The crude was fractionated 
without a water wash or any further treatment. 

Di@-ethoxyethyl) Carbonate.---Gaseous phosgene was bubbled into a water- 
cooled cylinder containing 679 g. of glycol mono-ethyl ether until the weight increase 
was 339 g. The resulting solution was refluxed for four and one-half hours, washed with 
water, dried over calcium chloride and fractionated. 

Ethyl@-Ethoxyethyl) Carbonate.-Five hundred grams of glycol monoethyl ether 
was added slowly to 604 g, of boiling ethyl chlorocarbonate. Refluxing was continued 
for three hours after the addition of ether was completed. The resulting crude was 
fractionated without washing or neutralizing. 

Di@-butoxyethyl) Carbonate.-Two hundred and seventy-four grams of phosgene 
was bubbled into 717 g. of cooled ethylene glycol monobutyl ether. The solution was 
then boiled gently under reflux for three hours. After a water wash, it was dried over 
calcium chloride and fractionated. 

Ethyl (8-Butoxyethyl) Carbonate.-Five hundred grams of ethylene glycol mono- 
butyl ether and 460 g. of ethyl chlorocarbonate were mixed and boiled under reflux 
for four hours. After washing and drying, the product was fractionated. A consider- 
able amount of di(8-butoxy ethyl) carbonate was obtained, showing this method of 
preparation to be inferior to that in which the glycol ether is added to  boiling chlofo- 
carbonate. 

Dicarbitol Carbonate.-Three hundred and fifty-four grams of phosgene was dis- 
solved in 903 g of cooled carbitol (IV) and the mixture allowed to stand for eighteen 
hours before heating. The solution was then heated for four hours a t  a temperature of 
about 200 ". After a water wash, the washings were extracted with benzene and added to 
the main bulk of the product, whereupon all was dried over calcium chloride and frac- 
tionated in vacuo. 

Ethylcarbitol Carbonate.-Fifty-eight and 8 tenths grams of sodium was brought 
into reaction with 300 g. of carbitol in 300 g. of benzene. Heating on a water-bath was 
necessary to complete the reaction. To this mixture was added a solution of 278 g. 
of ethyl chlorocarbonate in 300 g. of benzene. The salt which separated was dissolved 
in water and the water-insoluble layer washed with more water. After drying the 
product was fractionated. 

Summary 

1. The carbonates and carbo-ethoxy derivatives of the methyl, ethyl 
and butyl ethers of ethylene glycol, and of the ethyl ether of diethylene 
glycol, have been prepared and their boiling points, specific gravities and 
refractive indices determined. 
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2. All of the substances except those derived from the butyl ether of 
ethylene glycol have good solvent power for nitrocotton. 

COLLEGE PARK, MARYLAND 
- 

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, YALE UNIVERSITY] 

THE SYNTHESIS OF THIAZOLE AMINES POSSESSING 
PHARMACOLOGICAL INTEREST. IV 
BY W. S. HINECARDNER~ AND TREAT B.  JOHNSON 

RECEIVED JULY 10, 1930 PUBLI$HED SEPTEMBER 6, 1930 

By bridging from carbon to carbon with a thiazole nucleus I in an ali- 
phatic chain compound, it is theoretically possible to introduce structural 
features which make it practicable to study, from new points of view, the 
relationship between chemical constitution and physiological and pharma- 
cological action. The thiazole nucleus I is chosen for such heterocyclic 
constructions because it contains both sulfur and nitrogen in cyclic linkage, 
and is a heterocycle which does not show high toxic effects when introduced 
into living organisms. Three distinct positions are available for carbon 
substitution in the ring (2,4,5), making i t  possible to obtain by synthesis 

5 interesting structural isomers for biological and clinical work. 
C---S Furthermore, the thiazole cycle is a construction containing a 

I stable molecular configuration with fined positions for the cyclic 

\ double bonds and with no possibility of structural alterations 
3 corresponding to lactam % lactim or keto en01 tautomeric 
I changes. These same considerations apply also to heterocyclic 

combinations containing oxygen and selenium substituted in place of the 
thiazole sulfur, which will finally be included in our research program. 

The organic constructions which are receiving our attention a t  present 
are the bridged thiazole derivatives of bases of the phenylethylamine type, 
11. It is a well-known fact that nucleus and side-chain substitutions in 
this base bring about pronounced physiological effects leading to products 
of therapeutic value. Our program calls for the study of compounds in 
which the aliphatic part is linked to the benzene nucleus by the thiazole 
ring, giving heterocyclic amines corresponding in structure to formulas 
111 and IV. In this paper we shall report a practical procedure for pre- 

CsHsCHzCHzNHz I1 
HC-S H C----S 

paring the new amine IV. In a later paper we shall describe a practical 
method for synthesizing the isomeric compound expressed by formula 111. 

1 Metz Research Fellow in Organic Chemistry, 1928-1929. 
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All the amines of this type, so far studied biologically, have been shown t o  
be substances of decided pharmacological interest. 

The starting points for this research were the halogenated ketone, sym.- 
dichloro-acetone V and thiobenzamide2 VI. So far as the authors are 
aware, this halogen compound has been used hitherto for thiazole syntheses 
only by Suter and J o h n ~ o n . ~  By interaction with thioamides i t  makes 
possible the preparation of interesting chlorine compounds, VII, containing 
the halogen in an aliphatic side chain or reactive position and useful for 
fundame~ital syntheses involving the application of the principle of alkyla- 
tion. 

Our method of operating has been to apply a malonic ester synthesis with 
the thiazole halide V11, obtaining first the ester VIII. In this operation a 
small amount of the disubstitution product IX is always formed. These 
esters are then saponified to form the corresponding malonic acids X and 
XI,  and finally converted to the respective acetates XI1 and XIV according 
to fundamental organic technique. The hydrazides XVI and X X I  and 
corresponding azides XVXI and XXII are then prepared and the latter 
transformed into the two ureas represented by formulas XVIII and XXIII .  
In order to obtain the corresponding amines these ureas are then fused with 
phthalic anhydride according to the technique of Manske and Ing4 forming 
the phthalimide derivatives XIX and XXIV and the latter then converted 
into the required amines by treatment with hydrazine. In this manner we 
have prepared successfully the 2-phenylthiazole-4-ethylamine IV (XX in 
Tables I and 11) and the interesting derivative of isopropylamine, namely. 
di-(2-phenylthiazole-4)-1,3-isopropylamine represented by formula XXV. 
The various compounds prepared in the course of our work and the funda- 
mental experimental data identifying and characterizing the respective 
thiazoles synthesized are recorded in the two tables, I and 11, respectively. 
A preliminary pharmacological study of these two amines together with 
other representatives of this series has already been started. 

HCCl HS HC----S 
I /  + I ----f 

ClCHpCOH HN=CC@Hs 
I/ I 

ClCHzC CCBH, 
\N/ 

v VI VI I  

TABLE I 
NOMENCLATURE AND CONSTITUTION (T = THE THIAZOLE NUCLEUS I) 

VIII Diethyl2-phenylthiazole-4-methyl-malonate (CZH~OOC)ZCHCH~TC~H~ 
IX Diethyl di-(2-phenylthiazole-4-methyl)-malonate (CZHSOOC)ZC(CHZTC~H~)~ 
X 2-Phenylthiazole-4-methyl-malonic acid (HOOC)~CHCHZTC~H~ 

Gabriel and Heymann, Ber., 23, 158 (1890). 
3 Suter and Johnson, Paper 111, to appear in Kec. trav. chim (1930). 
' Manske and Ing, J. Chem. Soc., 128, 2348 (1926); Manske, THIS JOUKNAL, 51, 

1202 (1929). 
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TABLE 1 (Concluded) 
XI Di-(2-phenylthiazole-4-methyl)-malonic acid (HOOC)ZC(CHZTC.~H~)~ 
XI1 2-Phenylthiazole-4-8-propionic acid HOOCCHZCHZTCBH~ 
XIII Ethyl 2-phenylthiazole-4-8-propionate C~H~OOCCHZCHZ'I'C~H~ 
XIV Ethyl di-(2-phenylthiazole-4-methyl)-acetate (CZH600C)CH(CHzTC~H6)z 
XV Di-(2-phenylthiazole-4-methyl)-acetic acid HOOCCH(CHzTCsH6)z 
XVI 2-Phenylthiazole-4-0-propionhydrazide HzNNHCOCHzCHzTCeH6 
XVII 2-Phenylthiazole-4-8-propionazide N80CCHzCHzTC6H6 
XVIII Di-(2-phenylthiazole-4-ethyl)-sym.- 

urea C~H~TCHZCHZNHCONHCH~CHZTCBH~ 
XIX 2-Phenylthiazole-4-ethyl-phthalimide C~H~(CO)ZNCHZCHZTCBH~ 
XX 2-Phenylthiazole-4-ethylamine H2NCH2CH2TCeH6 
XXI Di-(2-phenylthiazole-4-methyl)-acethydrazide H,NNHCOCH(CH2TC6H6)2 
XXII Di-(2-phenylthiazole-4-methyl)-acetazide NaOCCH(CHzTCeHs)z 
XXIII Tetra-(2-phenylthiazole-4)-1,3- 

isopropyl urea (C~HSTCHZ)ZCHNHCONHCH(CH~TC~H~)~ 
XXIV Di-(2-phenylthiazole-4)-1,3-isopropyl- 

phthalimide (CsHa(CO)zNCH(CHzTC6H5)a 
XXV Di-(2-phenylthiazole-4)-1,3-isopropylamine HzNCH(CHzTCeHa)l 

TABLE I1 
EXPERIMENTAL DATA 

Yield, Crystal Nitrogen, % 
Number Solvent O/o M. p., O C .  B. p., OC. form Calcd. Found 

VII Petroleum 81 31 155-156 Prisms 6.68 6.81 6.70 
ether (4 mm.) 

VIIIa Petroleum 54.1 30-31 218-222 Prisms 4.24 4.21 4.18 
ether (45 m.) 

I X  Alcohol 34.7 116 Needles 5.53 5.49 5.51 
X Dil. ale. 98 141-142 Prisms 5.06 5.04 5.00 
X I  Dil. alc. or 85 156-157 Prisms 6.22 6.18 

acetone 
XI1 Alcohol 80 83-84 Needles 6.01 6.06 
XI11 Alcohol 86.6 42-43 170-171 Prisms 5.36 5.35 

(3-4 mm.) 
XIV Alcohol 80 61. 5-62b 272" a t  Needles 6.45 6.55 

(2-3 mm.) 
XV Alcohol 80 127-128 Needles 6.89 6.81 
XVI Alcohol 80 142-143 Prisms 17.01 17.3 17.4 
XVII 90 72 Needles 
XVIII Alcohol 85 176177 Plates 12.90 12.84 
XIX Alcohol 87 113-114 8.38 8.24 8.34 
XXC 76 146-147 (2-3 mm.) 13.72 13.71 13.67 
XXI 75 Hydrochloride 235-238 Prisms 
XXII Water 80 80 
XXIII Alcohol 70 182-183 Prisms 10.76 10.57 10.62 
XXIV Alcohol 80 158-159 Plates 8.28 8.24 8.22 
XXV Alcohol 75 Hydrochloride235-238Needles C1, 21.89 C1, 21.94 

" By using the sodium salt of diethylmalonate in 50% excess and by carrying oh the 
synthesis a t  the temperature of boiling alcohol, the yield of the thiazole VIII was easily 
raised to 70% of the calcd. and with very little formation of the thiazole IX. 

' Hydrochloride 91-92'. 
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The monohydrochloride of this amine crystallizes as rhombic plates melting a t  
171-172' (calcd. C1, 14.73. Found CI, 14.77). The dihydrochloride crystallizes in 
needles and melts a t  206-209 O. (Calcd. C1, 25.59. Found C1,25.41,25.48.) 

Experimental Part 
2-Phenyl4chloromethyl Thiazole, VI1.-This halide was prepared according to 

the method of Suter and John~on .~  
Diethyl-2-phenylthiazole-4-methyl Malonate, VII1.-For the preparation of this 

ester the usual technique applicable for a malonic ester synthesis was employed. By 
using 50% more than the calculated quantity of diethyl sodium malonate, the yield of 
monosubstituted ester VIII was raised to the maximum of 70%. The balance of the 
reaction product is the disubstituted ester IX, which is obtained in the form of a crystal- 
line solid. This deposits from the crude ester reaction product on cooling a t  a low tem- 
perature. Both esters were carried through the same series of reactions and converted 
into the corresponding amines XX and XXV. 

Saponification of these two esters with alcoholic potassium hydroxide led smoothly 
to the formation of the corresponding malonic acids. The latter on heating above their 
respective melting points are converted into the acetic acids XI1 and XV. 

Preparation of the Hydrazides, XVI and XXI.-These are formed in excellent yields 
by digesting the esters XI11 and XIV in alcohol with a slight excess of 40y0 hydrazine 
hydrate solution. The reaction requires for completion twenty to thirty hours of heating 
and the hydrazides are obtained in crystalline form without difficulty. 

The hydrazides are converted into their corresponding azides by diazotization in 
glacial acetic acid solution. The latter were obtained in a a-ystalline condition and both 
compounds exploded with violence when heated above their respective melting points. 

Summary 

1. Using thiobenzamide and 2-phenylthiazole-4-chloromethyl thiazole 
as starting points in our synthetic research, twenty-four new thiazoles have 
been prepared. 

2. The final products of the series of reactions recorded in this paper are 
the bridged thiazole amines-2-phenylthiazole-4-ethylamine and di-(2- 
phenylthiazole-4)-l,3-isopropylamine. Both of these bases are physio- 
logically active substances. 

3. Our work on thiazole amines is being continued. 
NEW HAVEN, CONNECTICUT 
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[CONTRIBUTION PROM THE CHEMICAL LABORATORY OP HARVARD UNIVERSITY 1 
THE ACTION OF BASES ON ALPHA,BETA-DIBROMO KETONES 

AND RELATED SUBSTANCES 

The reaction between a,@-dibromo ketones and bases has often been used 
for the preparation of other substances but has seldom been studied with 
care. It has the interesting peculiarity of yielding products so diverse that 
some of them can be hydrolyzed to 6-diketones while others serve as the 
basis of a very general method for preparing the corresponding a-deriva- 
tives. 

The process leading to P-diketones was discovered by Sorgel and studied 
by Wieland,2 who showed that the action of methyl alcoholic potassium 
hydroxide on one of these dibromides occurs in a number of steps which 
ultimately end in an acetal of a P-diketone. 

p-NOzCsH4CHBrCHBrCOCeHs -+ ~ - N O ~ C ~ H ~ C ( O C H ~ ) ~ C H ~ C O C ~ H S  

The method of converting these dibromides into a-diketones was dis- 
covered by Dufraisse and M ~ u r e u . ~  After careful study these authors 
decided that the action of the base-in this case piperidine-must be 
represented by the following scheme 
RCHBrCHBrCOR ---+ RCH=CBrCOR -+ RCH~C(NCSHIO)B~COR ---f 

RCH=C(NCsHlo)COR 

This scheme assumes a mode of addition of piperidine which is different 
from that which has been observed in every case in which a base or any 
other hydrogen compound has been added to an a,P-unsaturated ketone or 
ester. Dufraisse and Moureu attribute this "inverse" addition to the in- 
fluence of the bromine in the a-position-a conclusion that has important 
theoretical consequences and which should, if possible, be confirmed. An 
examination of this mechanism was the principal object of our investiga- 
tion. 

The mode of attack was based on observations that were made while 
preparing a series of 6-diketones by the method of Sorge. In the course of 
these preparations it became evident that in many cases the yields are far 
from ideal because products are formed which cannot be hydrolyzed to 
P-diketones. Moreover, the solutions that are left, after removing the 
@-diketone completely as copper derivative, have a yellow color that is 
strongly suggestive of that of solutions of a-diketones. Since the reaction 
with piperidine has already been carefully studied by Dufraisse and 
Moureu, we decided to work with sodium alcoholates, and a casual observa- 

Sorge, Ber., 35, 1065 (1902). 
2 Wieland, ibid., 37, 1148 (1904). 
a Dufraisse and Mourcu, Bull. soc. chim., [4] 41, 457 (1927). 
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tion led us to select the dibromidc of bcnzal-p-bromo scetophctlor\e for 
investigation. 

When this dibrornide was boiled with excess of methyl alcoholic sodium 
methylate, it formed a yellow solution from which after much manipulation 
we finally obtained two solids which separated from ether in large colorless 
crystals. These proved to be stereoisomeric acetals of a type very different 
from the one obtained by Wieland, namely, 

C~HaCHOCH3CHOHC(OCHj)zCeH4Br 

These acetals constituted only about 40% of the products of the reaction, 
the remainder being composed of oils which on hydrolysis gave p-bromo- 
dibenzoylmethane. When sodium ethylate was substituted for the 
methylate all products were solid and it was possible to establish that  the 
reaction leads almost exclusively to substances that are represented by the 
formulas 

CsHsC(OC2H5)=CHCOCBH4Br and CGH&!HOC~H6CHOHC(OCeHsj2C6H4Br 

From these results it is clear that the reaction between a,@-dibromo 
ketones and alcoholates is not as simple as has been assumed. Following 
the course charted by Wieland, the dibromides first lose a molecule of 
hydrogen bromide to form an unsaturated a-bromo compound which in the 
alkaline solution combines with alcohol and forms a saturated bromo ether 

RCHBrCHBrCOR -+ RCH=CBrCOR -+ RCHOCH3CHBrCOR 

Thus far all the dibromo ketones behave alike, and both the unsaturated 
and the saturated bromo compounds can be isolated when the solubility 
relations are favorable. Beyond this point the results depend upon the 
other groups present in the dibromides. In all the cases that  we have 
examined some of the saturated bromo ether follows the course outlined by 
Wieland 

RCHOCH3CHBrCOR -+ RCOCH3=CHCOR -+ RC(OCH~)ZCH~COR 

Occasionally acetals of this type form the sole products of the reaction 
but this happens only when the dibromide has an unusually active hydrogen 
atom in the P-position as, for example, the *-nitro compound examined by 
Wieland and the ketonic esters studied by Rice.* In all other cases some 
of the saturated bromo ether reacts in a different manner 
RCHOCHZCHB~COR + RCHOCH3CHBrC(OCH3)0NaR -+- 

The discovery that ethylene oxides may play a role in the reaction 
between bases and dibromo ketones supplies a basis for a new interpretation 
of the very interesting results of Dufraisse and Moureu. Our work on this 
phase of the problem has not been completed but in our opinion the course 
of the reaction between dibromo ketones and piperidine is quite different 

Rice, THIS JOLJRNAL, 50, 1481 (1928). 
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from that which was assumed by the French investigators. After the usual 
elimination of a molecule of hydrogen bromide the next step is l,2-addition 
of piperidine to the carbonyl group. The result is the amine equivalent of a 
hemi-acetal; hence the great instability of the substance and the ease with 
which it loses hydrogen bromide-properties which appear to be quite in- 
consistent with the formula of Dufraisse and Moureu 

NCsHlo NCsHio 
I I 

C~H~CH=CB~COCEHK -+ CaHsCH=C-C-CsHs CeH6CH2-C-COC6H5 
I I 
Br OH 

I 
Br 

D. and M. 

When this unsaturated bromohydrin is allowed to react with sodium 
methylate or a second molecule of piperidine, it undergoes the usual loss of 
hydrogen bromide and passes into an ethylene oxide 

NCbHl0 
I CsHs /COCaHs 

CaHsCH=C-CCgH6 -+ CeHsCH=C--4 C~HE.CH=C 
I I 

Br OH 
W 'NGHIo 'NC~HIO 

D. and M. 

Like other ethylene oxides the product is capable of combining with 
bases, acetic acid and like substances. When it is hydrolyzed it inevitably 
passes into an a-diketone 

OH 
In our opinion, then, Watson's brilliant red piperidine derivative is the 

first representative of an exceedingly interesting type of unsaturated 
ethylene oxide.6 The twinning of the oxide ring with an ethylenic linkage 
results in a system that is almost as actively unsaturated as that of the 
ketenes. Like ketenes, therefore, it is highly colored, readily undergoes 
autoxidation and enters into a variety of reactions that involve the entire 
system. 

Experimental Part 

I. p-Bromo Series 
Three substances were employed in the p-bromo series: the dibromide I, 

the a-bromo unsaturated ketone 11, and the a-bromo-p-methoxy ketone 
111. 
GHsCHBrCHBrCOCBH~Br C&I~CH=CB~COCBH,B~ CsH~CHOCHaCHBrCOCsHaBr 

I I1 I11 

These substances were compared with respect to their behavior toward 
Watson, J. Chem. SOC., 85,1322 (1904). 
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methyl alcoholic sodium methylate at the ordinary temperature and also 
at the boiling point; with two moles of the methylate and with thrice this 
quantity. The distribution of the material between the two types of 
reaction differed but little if any, but at  the higher temperature there was 
considerable cleavage of the products which lead to the B-diketone, and the 
difficulty of isolating solid substances was correspondingly increased. 

When the reactions are carried out at the ordinary temperature the result 
is a pale yellow solution. In order to get any solid from this solution it is 
necessary to remove the methyl alcohol completely, without allowing the 
solution to come in contact with acid, secure a solution in equal parts of dry 
ether and petroleum ether, and allow this to evaporate slowly through a 
tube that protects it against the acid fumes of the laboratory. It then, 
in time, usually begins to deposit one or two substances in colorless crystals 
which gradually grow to unusual dimensions and which can be readily 
separated mechanically. The first crystals are extremely difficult to secure, 
but once these are available crystallization can be induced immediately by 
inoculation. 

The structure of these colorless products was established in the following 
manner. The analyses showed that the composition of both substances is 
represented by the formula C18H2104Br, that each has three methoxyl 
groups and one active hydrogen atom, and that neither has any other 
group capable of reacting with methyl magnesium iodide. These quanti- 
tative results indicate acetals with hydroxyl and a third methoxyl group 
strung on the chain of benzal-p-bromo-acetophenone. Gentle hydrolysis 
confirmed this conclusion because each substance gave z product which had 
but one methoxyl group, and along with it an active hydrogen and a group, 
presumably carbonyl, capable of reacting with one equivalent of methyl 
magnesium iodide. 

In order to get substances more suitable for degradation, each of these 
hydrolysis products was treated with phenyl magnesium bromide. The 
result was two new substances and when these were cautiously oxidized 
with chromic acid, each yielded methyl benzoate and p-bromo-benzo- 
phenone. These transformations bear but one interpretation 
CeH6CHOCH3CHOHC(OCH3)2C6H4Br + C6H6CHOCH3CHOHCOC&H4Br 

IV v 
GH&!HOCHBCHOHC(OH) (CsHs)CaH4Br --+ CeH6COzCHa + COs + CsHsCOCsH4Br 

V I  

The separation of the stereoisomeric trimethoxy compounds (IV) from 
the ethereal solution was, naturally, incomplete but it was possible to get a 
fairly accurate estimate of the quantities formed by hydrolyzing the entire 
product. The resulting @-diketone could be removed completely as its 
copper derivative, leaving only the isomeric hydrolysis products V which 
are stable and crystallize much more readily than the corresponding acetals. 
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Preparation of Materials.--The dibromide I has bee11 described by Weygand,Q 
who found a melting point of 184". Our material wa3 repeatedly recrystallized from 
chloroform and melted a t  187 ". The a-bromo compound I1 has also been prepared by 
Weygand, who distilled it in a high vacuum and noted a boiling point of 136-143". 
We found that it distils without decomposition a t  230° under 3 mm. 

Anal. Calcd.forClsHl~OBr2: C,49.2; H,2.7. Found: C,49.2; H,3.0. 

a-Bromo-0-methoxy-benzyl-fi-bromo-acetophenone, 111.-The bromo methoxy 
compound was made by the procedure of Middleton? A suspension of equivalent quan- 
tities of benzal-p-bromo-acetophenone and mercuric acetate in dry methyl alcohol was 
warmed until the clear colorless solution gave no test for mercuric acetate with alkali. 
The solution was then evaporated to a small volume. It deposited a solid which after 
recrystallization from acetone melted a t  140 O. 

Anal. Calcd. for ClsH1704BrHg: Br, 13.8. Found: Br, 13.9. 
The mercury compound was suspended in dry methyl alcohol, the suspension was 

cooled to  0 and treated with an equivalent quantity of bromine. The mixture was set 
aside until all the color had disappeared, then evaporated in a current of air. I t  left a 
colorless oil. This was dissolved in ether, the solution freed from mercury salts by shak- 
ing with saturated potassium bromide solution, dried and evaporated. The product 
was an oil which would not crystallize and could not be distilled. A sample which had 
been kept in a vacuum desiccator for several weeks was analyzed. 

Anal. Calcd. for C16H1402Br2: C, 48.3; H, 3.5; OCH3, 8.0. Found: C, 48.5: 
H, 3.5; OCH8,8.2. 

The Isomeric Methyl Acetals, 1V.-These acetals were first obtained by treating 
200 g. of the dibromide in the manner described earlier in this section. One of them 
crystallized from ether in very large colorless prisms which melt a t  90'; the other, 
which is formed in much smaller quantities, separated from petroleum ether in tables 
melting a t  77". These substances were subsequently obtained more easily and in rela- 
tively larger quantities from the or-bromo compound 11. The procedure was as follows. 

A suspension of 50 g. of the bromo compound in 50 g. of dry methyl alcohol and a 
solution of 4.5 g. of sodium in 80 cc. of the same alcohol were cooled to 0' and mixed. 
The mixture was left to itself for three hours during which the temperature was allowed 
to  rise to  that  of the room. The orange-colored solution was then evaporated under di- 
minished pressure and the residue poured into ether and ice water. The ethereal layer 
was thoroughly washed with ice water, which reduced the color to  a very pale yellow, 
then dried with calcium chloride, concentrated, mixed with an equal volume of low- 
boiling petroleum ether and inoculated with both acetals. I t  deposited in the course of 
a week 15.5 g. of the higher and 2 2 g. of the lower-melting acetal. The bromomethoxy 
compound I11 on similar treatment gave almost exactly the same results: 14.9 g. of the 
higher-melting and 2.0 g. of the lower-melting acetal from 50 g. of the bromo ketone. 

Anal. Calcd. for ClsHzlOaBr: C, 56.7; H, 5.5; OCH3, 24.4. Found: (90") C, 
56.8; H, 5.6; OCHs, 24.5. Found: (77") C, 56.6; H, 5.5; OCH3, 25.0. 

The acetals are moderately soluble in petroleum ether, readily soluble in ether and 
other common organic solvents. Neither is stable in the air; the crystals of the higher- 
melting form gradually become opaque as they become covered with a film of the hy- 
drolysis product and the lower-melting modification soon liquefies and then, as hydroly- 
sis becomes nearly complete, resolidifies. 

Hydrolysis.-When the acetals are hydrolyzed with dilute acetic acld, each gives 

Weygand, Ann., 459,118 (1927). 
7 Middleton, THIS JOURNAL, 45, 2763 (1923). 
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but one compound, while treatment with methyl alcoholic hydrochloric acid generally 
gives a mixture of both hydrcilysis products. A solution of 5 g. of the higher-melting 
isomer in 25 g. of glacial acetic acid was diitetl with an equal volume of water, and then 
digested on a steam-bath for thirty minutes. The clear colorless solution, on dilution, 
precipitated a colorless oil. This was collected in ether. The washed and dried ethereal 
solution on evaporation deposited a colorless solid which ~eparated from ether-petroleum 
ether in stout needles or plates melting at  89 O. 

Anal. Calcd. for C~eHliOlBr: C, 57.3; H, 4.5; OCHa, 9.2. Found: C, 57.2; 
H, 4.7; OCH3, 9.4. 

The lower-melting isomer, when treated in the same manner, gave a product which 
crystallized in tables or stout prisms and melted at  96 ". 

Anal. Calcd. for C,aHI603Rr: C, 57.3; H, 4.5; OCHI, 9.2. Found: C, 57.1; 
H, 4.8; OCHI, 8.7. 

In the machines these isomeric hydrolysis products behaved alike; each consumed 
two moles of reagent and liberated one mole of gas. 

The Grignard Products, or-Phenyl-~-methoxy-&hydro~y-y-phenyl-~-(4-bromo- 
pheny1)-y-hydroxy-propane, V1.-An ethereal solution of 1.5 g. of the hydrolysis prod- 
uct (89') was added to a solution of phenyl magnesium bromide prepared from 1 g. 
of magnesium. The mixture was boiled for fifteen minutes and then decomposed with 
iced acid. After the usual manipulations the operation yielded 1.5 g. of a solid product 
which crystallized from ether-petroleum ether in fine needles and melted a t  119-120 O. 

Anal. Calcd. for CzzHz103Br: C, 64.0; H, 5.1; OCH3, 7.5. Found: C, 64.0; 
H, 5.3; OCHI, 7.5. 

The glycol is sparingly soluble in petroleum ether, readily soluble in ordinary ether 
and in methyl alcohol. I t  is very readily oxidized by chromic acid. A solution of 0.45 
g. of the substance in 20 g. of glacial acetic acid was warmed to 70 ". Into this solution 
was dropped an aqueous solution of chromic acid as long as the color disappeared im- 
mediately. The solution was then poured into cold water, which precipitated a crystal- 
line solid. This was identified as pure p-bromobenzophenone by comparison with a 
sample on hand. The filtrate from the ketone was saturated with salt and extracted 
with ether. The ethereal solution, freed from acids by extraction with bicarbonate, 
was evaporated. I t  left an oil which was identified as methyl benzoate by the odor and 
by hydrolysis to benzoic acid. 

The isomeric hydrolysis product (96') was also treated with phenyl magnesium 
bromide.but failed to give a crystalline product. The colorless oil that was left after 
evaporating the ethereal solution was therefore oxidized with chromic acid. Like its 
isomer it yielded p-bromobenzophenone, methyl benzoate and no other products. The 
hydrolysis products and the acetals from which they are formed must, therefore, be 
stereoisomers. 

The Ethyl Acetal, C&6CHOC2H,CHOHC(OC2H5)zC~H4Br.-When the dibromide 
of benzal-p-bromo-acetophenone was shaken with excess of cold sodium ethylate it 
yielded, after the usual manipulation, a pale yellow solution that ultimately solidified 
almost completely. The solid was composed mainly of p-ethoxy-benzal-p-bromo- 
acetophenone and an acetal. The unsaturated ethoxyl compound was readily isolated 
because it is far less soluble than the acetal but the isolation of pure acetal required pa- 
tient fractional crystallization. I t  separates from petroleum ether in large colorless 
plates and melts a t  99 O. 

Anal. Calcd.: C,59.6; H,6.4; OCXHe,31.9. Found: C,59.8; H,6.6;  OC2H5, 
30.6. 

Kofiler and Richkmyer, THIS JOURNAL, 52, 3736 (1930). 
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Hydrolysis, C;HbCHOCH~CH60HCOC6H4Br.-The acetal, like the corresponding 
methoxyl compounds, is unstable in the air of the laboratory; i t  first liquefies, then re- 
solidifies. The solid is the pure hydroxy ketone. This is easily obtained in quantity 
by hydrolyzing the acetal with dilute acetic acid in the usual manner. I t  is readily 
soluble in all organic solvents, crystallizes in needles and melts at  72 O. 

Anal. Calcd. for C I ~ H I ~ O ~ B ~ :  C, 58.4; H, 4.9; OCzHa, 12.9. Found: C, 58.4; 
H, 5.2; OCzHs, 14.2. 

8-Ethoxy-benzal-p-bromo-acetophenone, CeH6C(OCeHr)=CHCOCeHrBr.-The 
ethoxyl compound crystallizes well from all solvents, separating in plates from methyl 
alcohol and in very large tables from ether and from petroleum ether. It melts a t  112 
and on hydrolysis yields p-bromodibenzoylmethane. 

Anal. Calcd. for CI7Hl6O2Br: C, 61.6; H, 4.5. Found: C, 61.7; H, 4.6. 

11. Other Dibromides 
A. p-Nitro Compounds 

The behavior of a few other dibromides was examined for the purpose of 
ascertaining how the distribution of the material is affected by the presence 
of substituents in the phenyl groups. Wielanda treated the dibromide of 
p-nitro-benzalacetophenone (VII) with methyl alcoholic potassium 
hydroxide and obtained only the dimethyl acetal of p-nitrodibenzoyl- 
methane. We employed sodium methylate and extended the experiments 
to include the two stereoisomeric unsaturated a-bromo compounds VIII, 
and the bromo methoxyl compound IX. All of these substances yielded 
a t  least 95% of the acetal obtained by Wieland. 

NOsCsHlCHBrCHBrCOC6Hs N&CeH4CH=CBrCOC6Hs 
VII VIII 

NO2C6H4CH0CH3CHBrCOCsHr 
IX 

a-Bromo-finitrobenzalacetophenone, VIII.-Weygandg boiled the dibromide VII 
with methyl alcoholic potassium acetate for eight hours and distilled the product in a 
high vacuum. He obtained an a-bromo compound that melted at  106 O. This was evi- 
dently a mixture of the two stereoisomers. We suspended the dibromide in a mixture 
of equal volumes of acetone and methyl alcohol, added excess of potassium acetate and 
allowed the reaction to proceed in the cold. All the dibromide disappeared within an 
hour. The solution was evaporated in a current of air. It left an oil that soon solidified. 
By systematic fractional crystallization from acetone-methyl alcohol mixtures the solid 
was separated into pale yellow needles melting a t  130" and darker yellow plates that 
melted a t  62 O. 

Awal. Calcd. for C1dIloOaNBr: C, 54.2; H, 3.0. Found: (136") C, 54.6; H, 
3.1. (62")C,54.2; H,3.1. 

The Bromo Methoxy Compound 1X.-The preparation of this substance is exceed- 
ingly d i c u l t  because the reaction between the unsaturated ketone and mercuric acetate 
is both slow and incomplete even in boiling methyl alcohol. The mercury compound 
was not purified but treated directly with bromine. The product crystallized from ace- 
tone and methyl alcohol in colorless plates melting a t  131 '. 

Anal. Calcd. for Cr6H140&?Br: C, 52.7; H, 3.8. Found: C, 52.8; H, 4.0. 

Weygand, Ref. 6, p. 116. 
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All three of these compounds were treated with sodium methylate in the usual 
manner, but instead of attempting to isolate the acetals, the entire product was hydro- 
lyzed with acetic acid. The residue left after removing the @-diketone as copper deriva- 
tive in no caw equaled 5% of the bromo compound that was used. 

B. HZ-Nitro Compounds 

In the m-nitro series we examined only the dibromide and the bromo 
methoxy compound. The former has been described by others; the latter 
was prepared as usual, by way of the mercury compound. 

A suspension of 20 g. of the unsaturated ketone and an equivalent quantity of mer- 
curic acetate in 500 cc. of dry methyl alcohol was boiled for twelve hours. The clear 
very pale yellow solution was concentrated step by step. I t  gradually deposited 20 g. 
of the mercury compound, which crystallized from acetone in hard nodules of colorless 
needles, sparingly soluble in ether and in methyl alcohol, readily soluble in acetone. 

The mercury compound was suspended in methyl alcohol and treated with bromine. 
The reaction was very sluggish but the mercury compound gradually disappeared a t  the 
boiling point. The product, a colorless solid, was recrystallized from methyl alcohol. 

Anal. Calcd. for C1eHln04NBr: C, 52.7; H, 3.8. Found: C, 53.0; H, 4.0. 
or-Bromo-8-methoxy-n-nitrobenzylacetoghee, N 0 2 C ~ ~ C H O C H ~ C H B r C O ~ ~ ,  

is sparingly soluble in cold methyl alcohol, moderately soluble in hot methyl alcohol, 
readily soluble in acetone. I t  crystallizes from methyl alcohol in colorless needles melt- 
ing a t  13Z0. The yield was 80%. 

~Hydroxy-8-methoxy-n-benzylacetophenone, N02CsN4CHOCH3CHOHCOC&. 
-The dibromide and the bromomethoxy compound were treated with sodium methylate 
in the usual manner, and in each case the mixture of products was immediately hydro- 
lyzed with aqueous acetic acid. The ethereal solutions left after removing the P- 
diketone as copper derivative deposited the hydroxy ketone as a colorless solid. The 
substance was purified by recrystallization from ether-petroleum ether, from which it 
separated in colorless prisms melting a t  110'. The yield from the dibrornide was 30% 
and from the bromomethoxy compound 33%. As would be expected, the nitro group 
in the meta position has little influence. 

Anal. Calcd. for CI6H1606N: C, 63.8; H, 5.0. Found: C, 64.1; H, 5.2. 

C. Anisyl Compounds 

The behavior of the dibromide of benzalacetylanisole toward sodium 
methylate has been examined by Weygandlo but we included i t  in our 
experiments because we expected it to be at least as favorable for the for- 
mation of the new type of acetal as the corresponding P-bromo compound. 
We have been unable to establish this because we did not succeed in getting 
either the acetal or its hydrolysis product in a crystalline form. In another 
respect, however, the behavior of the dibromide was gratifying; it provided 
the first case in which the dibromide could be transformed directly into 
the a-bromo-Emethoxy derivative. 

a-Bromo-8-methoxy-benzylacetylanisole, C~H&HOCH~CHB~COC~HIOCH~.-A 
solution of 6 g. of sodium in 120 g. of anhydrous methyl alcohol was added to a suspension 
of 43.5 g. of the dibromide in 75 cc. of the same solvent. The mixture was shaken 

10 Weygand, Ref. 6, p. 107. 
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vigorously until solution was complete, then cooled first in ice water and finally in a 
freezing mixture. It deposited 30 g of a mixture of solids which was readily separated 
by recrystallization from methyl alcohol. The principal product was sparingly soluble 
in methyl alcohol but was readily recrystallized from a mixture of acetone and methyl 
alcohol from which it separated in colorless plates melting a t  126 ". 

Anal. Calcd. for C11H1r03Br: C, 58.5; H, 4.9. Found: C, 58.4; H, 5.0. 
The bromomethoxy compound was obtained even more readily by shaking a suspen- 

sion of a-bromo-benzalacetylanisole in anhydrous methyl alcohol containing a small 
quantity of sodium methylate. In the hope of getting a stereoisomeric bromomethoxy 
compound we also added mercuric acetate to benzalacetylanisole and brominated the 
product, but these operations gave the same bromo compound. This substance was, 
doubtless, also obtained by Weygand by boiling a suspension of the dibromide with 
methyl alcoholic potassium hydroxide. Weygand naturally assumed that the product 
would be an a-bromo-benzalacetylanisole and attributed his analytical results to the diffi- 
culties met with in the analysis of methoxyl compounds. 

The remainder of the solid product was a mixture which was separated by recrystal- 
lization from ether and petroleum ether into the a-bromo and @-methoxy derivatives of 
benzalacetylanisole. These substances have been accurately described by Weygand. 

A solution of the bromomethoxy compound in methyl alcohol was shaken with an 
excess of sodium methylate for thirty-six hours. The product was isolated in the usual 
manner but failed to give any solid compounds. I t  was therefore hydrolyzed with 
aqueous acetic acid. I t  yielded the diketone (about 70%) and an oil from which i t  has 
not as yet been possible to obtain any solid compounds. 

Summary 
1. a,P-Dibromo ketones may react with alcoholates in two different 

ways which ultimately lead to very different types of acetals 
RC(OR)2CH,COR' + RCHBrCHBrCORf -+- RCH(OR)CHOHC(OR)tR' 

2. Most dibromo ketones yield both acetals, but when the hydrogen in 
the 8-position is unusually active, the acetal of a p-diketone may be the 
only product. 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF HARVARD UNIVERSITY] 

THE "MACHINE" FOR ANALYSIS WITH GRIGNARD REAGENTS 

Since the appearance of the original paper on an "apparatus for deter- 
mining both the quantity of gas evolved and the amount of reagent con- 
sumed in reactions with methyl magnesium iodide,'jl the apparatus has 
been redesigned and considerably improved. In view of a steadily in- 
creasing number of inquiries, dealing largely with the special stopcock, 
i t  seems desirable to publish the new design and to show how this beautiful 
but troublesome stopcock has been eliminated. 

Kohler, Stone and Fuson, THIS JOURNAL, 49,3181 (1927). 
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By introducing the reagent into the top of the buret we have been able 
to use an ordinary two-way stopcock which comes in contact with the re- 
agent a t  but one point, hence can often be used for a month or more without 

being regreased. In redesigning the apparatus we also eliminated the 
ground-glass joint a t  the top of the reservoir A and improved the shoulder, 
i, in order to secure a better control of the temperature of the gas inclosed 
in the shoulder. 
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These alterations do not necessitate any serious changes in the operation 
of the machine. In order to clean the reservoir it is now necessary to dis- 
mount the entire machine but since a single charge serves for about a 
hundred analyses we do not regard this as a serious matter. After filling 
the reservoir we cut the tube g a t  x and clean the small section between 
x and d with a pipe cleaner. This leaves a light, compact apparatus which 
is relatively free from strain, and which we hold with a single clamp on the 
reservoir. 

The reagent is now pressed from the reservoir to the reagent buret 
through a. After the desired amount has been introduced into the buret 
the stopcocks c and d are turned to open the reservoir to the air for an in- 
stant; this relieves the excess pressure in A. Then c and d are turned in 
such a manner that the nitrogen presses the reagent remaining in a, back 
into the reservoir, after which A is again momentarily opened to the air. 
All stopcocks can be removed, cleaned and regreased in a properly directed 
current of nitrogen without affecting the titer of the solution. It is well also 
to sweep the system o-k-j-i with nitrogen while spraying the shoulder i 
with alcohol and ether after an analysis has been completed. 

For the preparation of the methyl magnesium iodide necessary to fill the 
500-cc. reservoir we use the following procedure. In a one-liter three- 
necked, round-bottomed flask, equipped with motor stirrer, dropping 
funnel and condenser, are placed 12 g. of magnesium and 100 g. of isoamyl 
ether (distilled in vacuo, over sodium). In the course of one hour, with 
the temperature maintained below 20°, 60 g. of methyl iodide in 50 g. of 
isoamyl ether is added. Stirring is continued for two hours. The reagent 
is then diluted by the addition of 270 g. of isoamyl ether. The condenser 
is removed and the flask, immersed in an oil-bath, is heated a t  120° for 
two hours; meanwhile a current of purified nitrogen is passed over the 
reaction mixture to carry away any readily volatile products. After being 
allowed to stand overnight, the reagent is transferred to the apparatus. 

We have found it advantageous to substitute dehydrite for the phos- 
phorus pentoxide in G, and to enlarge the overfiow bulb in the gas buret 
H to 50 cc. 

CONVERSE MEMORIAL LABORATORY 

CAMBRIDGE, MASSACHUSETTS 



Sept., 1930 COMMUNICATIONS TO THE EDITOR 

NOTE 
Mannitol from Haplophyton Cimicidum.-During the course of an 

investigation of the reported insecticidal properties of the plant HupZo- 
phyton Cimicidum, mannitol was isolated and identsed. The crude crystal- 
line material, separating from the concentrated alcoholic extract of this 
plant, from which pure mannitol was obtained, represented approximately 
0.75% of the weight of the plant on a dry basis. The substance was 
identified by means of its tribenzacetol and hexacetyl derivatives. 

INSECTICIDE DIVISION 01 THE 
BUREAU OF C ~ M I S T R Y  AND SOILS 
UNIVERSITY OF MARYLAND 

COMMUNICATIONS TO THE EDITOR 
AN X-RAY EXAMINATION OF THE HIGHER NORMAL PRIMARY ALCOHOLS 

Sir: 
X-ray examination of the higher normal primary alcohols reveals an 

interesting distinction between the odd and the even carbon chain series. 
As is usual with such long-chain compounds, the large crystal spacing in- 
creases linearly with increasing carbon content, and in the case of the 

higher alcohols, when crystallized from ethyl alcohol, the long crystal 
spacings for the odd alcohols lie on the upper Curve, I (Fig. I), while those 
for the even alcohols (above C16) lie on the lower Curve, 11. The point of 
interest is, however, that below Cu the spacings of the even alcohols lie 
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on the upper (odd) line, C16 alcohol itself gives two spacings, one on each 
line, while Cis, if fused, then gives a spacing on the upper line. The spacings 
of the odd alcohols, crystallized from solvents or fused, lie on the same up- 
per line. 

If the diameter of the carbon atom is taken as 1.54 W., the spacings on 
Curve I correspond closely to a vertical chain of carbon atoms inclined 
tetrahedrally to each other, and those in Curve I1 to a similar chain tilted 
a t  an angle of 55' 40'. The vertical form is clearly a stable form for the 
odd alcohols and the tilted form for the even, but the latter change into the 
vertical form at some point below fusion. Apparently this change takes 
place considerably below the melting point since myristyl alcohol CI4, 
m. p. 38', crystallized from alcohol, gives a spacing corresponding to  the 
vertical form, and cetyl alcohol (216, m. p. 49.0°, exhibits both spacings, 
thus indicating in the latter case that ordinary room temperature is near 
the transition point. 

The following data were obtained using the Ka-rays of iron reflected 
from thin layers of the alcohols pressed or fused on a glass strip and mounted 
on a Miiller spectrograph. The intensity distribution indicates that the 
alcohols crystallize in double molecules with the hydroxyl groups in juxta- 
position. 

X-RAY DATA FOR NORMAL PRIMARY ALCOHOLS 

No. of carbonatoms 12 14 16 18 19 21 22 24 25 
M.p. .  "C ......... 23.0 38.0 49.0 59.0 62.0 68 .5  72.0 76.5-77 78.5 
Spacing, pressed 

layer, A. .  . . . . . . . . 39.7 . . 41.35 52.75 57.4 49.95 54.0 68.5 
Spacing, melted, 

layer, .&.. . . . . . . 34.8 . . 37.4 50.2 52.8 56.9 . . . . . . . .  . . 
44.9 

It is hoped that these data will be of service to  those working on the 
higher natural alcohols since x-ray analysis promises to afford a ready 
method of identification. In particular i t  should be useful in distinguishing 
between those higher alcohols of adjacent carbon content that are so 
difficult to identify by purely chemical means. In a subsequent paper it 
is hoped to give an account of the x-ray data for long-chain nitriles and 
iodides. 

The writer wishes to express his thanks to Mr. S. H. Piper for his friendly 
interest in this work. 
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THE METALLIC PRECIPITATION OF ZIRCONIUM 

Sir: 
The preparation of zirconium of a high degree of purity is not easy. 

The element combines or alloys itself with the reducing agents employed 
to prepare it. Probably the best method now used was devised by A. E. 
van Arkel and H. de Boer, who have obtained the metal by passing the 
vapor of the tetraiodide over a heated tungsten filament. Many metals 
may be prepared by precipitation from solution by a more electropositive 
substance than themselves. H. N. Warren1 appears to have been the only 
one to employ this method for the preparation of zirconium. He 
states that if a rod of magnesium be wrapped with a few coils of asbestos 
paper and immersed in a solution of a metallic salt, the metal is precipi- 
tated on the asbestos in crystalline form. "Even zirconium was gradually 
reduced." 'l'his statement is erroneous, for zirconium compounds hydro- 
lyze in water with the formation of free acid whicF would react with the 
magnesium. 

It was thought, however, that zirconium might be precipitated from a 
solution other than aqueous. It was found that zirconium sulfate was 
quite soluble in methyl alcohol, the salt dissolving with a hissing sound 
and crystallizing out on evaporation. The alcoholic solution of zirconium 
sulfate was treated with metallic zinc. Hydrogen was given off, and the 
surface of the zinc was covered with a dark deposit. The reactions were 
accounted for by the equations 

Since all zirconium sulfate contains a small amount of free sulfuric acid, 
introduced by methods of manufacture and by hydrolysis, the presence of 
hydrogen may be accounted for by Equation 1. As the reaction continued, 
the amount of hydrogen evolved decreased until no more gas was given off. 
The acidity decreased proportionally until at this point i t  took as much as 
five minutes for blue litmus to turn red. When a part of the deposit was 
scraped off and treated with hydrochloric acid, the zinc removed along 
with the deposit dissolved, leaving undissolved zirconium on the bottom 
of the container. 

When magnesium was substituted for zinc, a white precipitate of un- 
determined composition was formed and no zirconium was precipitated. 

The inability to continue this study for some time has caused this pre- 
liminary report to be prepared 
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Warren, Chem. News, 61, 183 (1890). 
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NEW BOOKS 
The Condensed Chemical Dictionary. Compiled and edited by the Editorial Staff of 

the Chemical Engineering Catalog. FRANCIS M. T ~ R ,  Editor. Second edi- 
tion, completely revised and enlarged under supervision of THOMAS C. GREGORY, 
Editor, and ISABELLE M. WELCH, Assistant Editor. Book Department, The 
Chemical Catalog Co., Inc., 419 Fourth Avenue, at 29th Street, New York, U. S. A., 
1930. 551pp. 16 X 23.5cm. Price,$10.00. 

This book is essentially a list of useful chemical materials, the substances 
employed and produced in the chemical arts and industries, together with 
such information as formulas or compositions, colors, important properties, 
constants (d., b. p., m. p.), solubilities, derivations, grades, commercial con- 
tainers, shipping regulations, fire hazards, etc. The cross indexing is un- 
usually complete. The new edition contains some 12,000 titles as compared 
with about 7000 in the old. In spite of this very considerable increase in 
contents the volume is less bulky and more easily handled than tKe earlier 
one because of the use of thin paper and smaller type. The preferred usages 
of the American Chemical Society with regard to spellings and terminology 
are in general followed, although it is to be regretted that in this second 
edition as well as in the first, a few obsolescent forms such as sulfocyanide 
(for thiocyanate) are still used. 

The book is especially valuable to the general chemist because of the in- 
clusion of trade and proprietary names in great variety, in spite of the fact 
that a few common names (vitreosil, chromel, pyrex) for some reason do not 
appear in their respective alphabetical positions. The relationship of this 
volume to the bulky Chemical Engineering Catalog issued by the same 
publishers is close; and, although the general appeal of the Dictionary is 
to the industries, it furnishes much general information of interest to all 
chemists and not easily found elsewhere. 

WILLIS A. BOUGHTON 

L'Ancienne et la Nouvelle Theorie des Quanta. (The Old and New Quantum Theo- 
ries.) By EUG$NE Bmur, Professor of Physics at the Sorbonne. Librairie Sci- 
entifique Hermann et Cie., 6, Rue de la Sorbonne, Paris, France, 1930. iii + 417 
pp. Illustrated. 16.5 X 25 cm. Price, 90 fr. 

This book, based on courses of lectures given by Professor Bloch at the 
Sorbonne in 1926-1927, 1927-1928 and 1928-1929, furnishes the most 
satisfactory introduction to the quantum theory that the reviewer has seen. 
It is elementary, in the very best sense of the word, in that it contains a 
clear, coherent and detailed discussion of the nature of the fundamental 
concepts of the old and new quantum theories, and presents simple and 
important examples of their application, without the burden of more 
complicated ones. I t  thus differs from those treatises which appear to 
contain a hodge-podge of everything the authors have ever heard about, 
unillumined by any clear understanding of the theoretical basis upon which 
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they are presumably proceeding. It is written in a French which seems 
clear and beautiful even to one but meagerly acquainted with that language. 
Its translation into English to make it more widely available would seem 
eminently desirable. 

After an introductory historical chapter which sketches the course of 
development both of the old and new theories, the first half of the book is 
devoted to the exposition of the old quantum theory, including a well- 
balanced correlation with experimental results. This part of the book also 
contains a useful chapter on fundamental results of analytical mechanics. 

The second half of the book is devoted to the new quantum mechanics, 
and here the author's clear treatment of fundamental notions is in especially 
pleasing contrast to the work of minor scientists who hurry into print with 
the complicated applications of theories that they do not understand. 
The author first considers the waves of de Broglie and the actual experi- 
ments showing the wave character of the electron. This is followed by 
chapters on the wave mechanics of Schroedinger, and the matrix mechanics 
of Heisenberg, including a demonstration of their equivalence. Clear . 
expression is given to modern ideas as to the principle of indeterminism, 
and the fundamental wave-particle duality in nature. 

The transformation theory of Dirac and his treatment of the electro- 
magnetic equations are not presented. The book concludes with a very 
good introduction to the new forms of statistical mechanics. It contains 
a fairly complete Table of Contents but no Index. 

RICHARD C. TOLMAN 

Chimica Farmaceutica e Tossicologica (Inorganica ed Organica). (Pharmaceutical and 
Toxicological Chemistry.) By BERNARDO ODDO, Professor at the University of 
Pavia. Casa Editrice, Dottor Francesco Villardi, Milan, Italy, 1930. Vol. I, 
vii + 486 pp. Vol. 11, xii + 505 pp. Illustrated. 16.5 X 25 cm. Price, com- 
plete, lira 120. 

This treatise is essentially a reproduction of the author's course of in- 
struction in pharmaceutical and toxicological chemistry, including a brief 
exposition of the broader aspects of the subject. Departing entirely from 
the arbitrary custom of dividing the medico-pharmaceutical products 
into inorganic and organic groups, the author follows a pharmacological 
scheme of classification, treating the subject, in Vol. I, under the following 
heads: antiseptics, caustics, tonics and hematinics, purgatives, emetics, 
diuretics and uric acid solvents, vermifuges, vasodilators and -constrictors, 
while Vol. I1 is given over to antiseptics, anesthetics, sedatives, hypnotics, 
carbohydrates and artificial sweeteners, active principles of essential oils, 
alkaloids, glucosides, extractives, biological products, certain highly toxic 
principles and drug accessories. Throughout the entire work frequent 
reference is made to structural chemistry as related to pharmacological 
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action for the proper evaluation of various synthetic drugs, in connection 
with the reasons for arriving a t  certain conclusions, and how it  is possible 
to  conceive and prepare new drugs to be tested pharmacologically. The 
treatise concludes with a chapter on toxicological analysis, in addition to a 
table of atomic weights, conversion tables and a comprehensive index. 

W. 0. EMERY 

Die Kolloide in Biologie und Medizin. (Colloids in Biology and Medicine.) By 
Professor Dr. H. B~CHHOLD, Director of the Institute for Colloid Research, Frank- 
fort-on-Main. Fifth, revised edition. Theodor Steinkopff, Residenzstrasse 32, 
Dresden-Blasewitz, Germany, 1929. xii f 586 pp. 87 figs. 16 X 23 cm. Price, 
unbound, RM. 32; bound, RM. 35. 

I n  this fifth revised edition, Bechhold's well-known book has been 
brought up to date. The extent to  which the author has mastered the 
increase in knowledge since the first edition appeared (1912) may be 
judged by the fact that the present edition, though greatly increased in 
scope, has almost been maintained in size within the limits of the first 
edition. This achievement may partly be ascribed to the nature of the 
recent developments in knowledge, many of which have replaced bulky 
empiricisms with concise theoretical formulations, partly to the splendidly 
critical sifting of material practised by the author. Any author who 
restricts his presentation to the most essential methods of a science which 
is in rapid development will inevitably stimulate discussion not only of the 
material included, but of that omitted. 

The original subdivisions which proved so fruitful a means of presenting 
the vast material have remained unchanged. The first part of the book 
deals with the definitions and methods of colloid chemistry. Here con- 
siderable changes over the previous form have occurred and the author 
has brought the new material into the old plan without giving that feeling 
of lack of homogeneity which attaches to so many "revised" editions. 

The second part is entitled "biocolloids." The main chapters are 
concerned with carbohydrates, lipoids, proteins, foodstuffs, enzymes and, 
as a new addition, immunity reactions. This chapter was written in 
collaboration with Dr. Laszlo Reiner. References to the current literature 
render these chapters extremely valuable, even though i t  be impossible to 
cover the immense field which might be comprised under the chapter heads. 

Part three deals with the organism as a colloid system. In this part 
Bechhold has presented a great amount of histological, physiological and 
biological material from the point of view of the colloid chemist. To all 
those who are interested in medical science, this part, written with a 
profound knowledge of the problems involved, will be very stimulating. 
This is a clever selection of those fields in which the phenomena can a t  
least be considered at this time. 



Part four, finally, gives some of the applications of colloid chemistry 
to toxicology, pharmacology and microscopical technique. The very 
complete index, together with the references to the original literature, 
will be of great value to those who wish to follow the indicated problems. 

For the sake of the reader with medical training, Bechhold has avoided, 
wherever i t  seemed possible, the use of mathematical formulas. It might 
be questioned if the medical reader ought not to be educated in the under- 
standing of mathematical formulations through just such a book in which 
colloid chemistry is brought into contact with biology and medicine. 

It may be concluded, I think, that the hope expressed by reviewer 
I,. J. Henderson in these pages regarding the first edition, namely, "that this 
work will, through future editions, grow up with the subject" is in large 
part fulfilled by this new edition. 

ALEXANDERVON MURALT 

An Index to the Chemical Action of Microorganisms on the Non-Nitrogenous Organic 
Compounds. By ELLIS I. FULMER, Ph.D., Professor of Biophysical Chemistry, 
and C. H. WERKUN, Ph.D., Associate Professor of Bacteriology, Iowa State Col- 
lege, assisted by Anella Wieben and Calvin R. Breden, Instructors in Chemistry, 
Iowa State College. Charles C. Thomas, Publisher, 220 East Monroe Street, 
Springfield, Illinois, 1930. xiii + 198 pp. 15.5 X 23 cm. Price, $4.50. 

When we consider that there is probably no organic compound in nature 
that is not attacked by some microorganism, we must admire the courage of 
the authors in undertaking this index. They have delimited the field, 
however, by considering only "those instances in which a named organism 
acted on a named substance to produce a named compound." The ma- 
terial is arranged in three tables: Table I featuring the organisms, Table 
I1 the substrates and Table I11 the products. Each table includes the 
other two subjects and the references to the authorities cited-about 500 in 
number. The book contains much information in a compact and usable 
form. Every worker in the field of fermentation will want to  have i t  on 
his desk for ready reference. 

The chief criticism that must be made of the book is its incompleteness. 
While some subjects are treated rather fully, others are barely mentioned, or 
entirely neglected. No mention is made of the organisms which Conrad, 
Wehmer and Henneberg isolated from sauerkraut and to which they at-  
tribute the formation of this important food. In listing Cl acetobutylicum, 
the commercial butyl alcohol organism, the authors omit the paper on which 
the name is based. The fermentation of cellulose is dismissed with three 
references, while a t  least a half dozen important papers by Ornelianski, 
Kellerman, et al., Hutchinson and Clayton, Coolhaas, and Itano and Ar- 
kawa are omitted. The general occurrence of methane as a fermentation 
product in marshes, manure piles and the intestinal tract of animals would 
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certainly entitle it to a place in the products table, but i t  is not listed, nor 
is Omelianski's organism, B. methanigenes, which produces it, given in the 
table of microijrganisms. Two references are given to the formation of 
mannitol but the classic papers of Gayon and Dubourg, Van Steenberge and 
Miiller-Thurgau and Osterwalder are left unnoticed. The production of 
pyruvic acid and acetaldehyde by yeast is well indexed but some reference 
should also have been made to the equally important intermediate com- 
pounds, hexosephosphate and methyl glyoxal. 

Some errors in the coritent of the tables have been noted. On page 73 
i t  is said that propionic acid is formed by Diplococcus pneumonia. A careful 
reading of Brieger's original paper shows that not Diplococcus pneumonia 
but an unnamed short rod was the causal agent. The organism which is 
called B. mobilis on page 22 appears as B. motilis on page 84, and in the 
original paper by Orla-Jensen is given as B. nobilis. The reference, Mayer 
1898, given in the tables does not appear among the references in the bibliog- 
raphy. Of forty references selected a t  random, sixteen contained more or 
less serious errors. The reviewer anticipates for the book a large demand 
which will call forth future editions and permit correction and expansion of 
its contents. 

W. H. PETERSON 
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THE LINE SPECTRA OF IONS IN THE SOLID STATE IN THE 
VISIBLE AND ULTRAVIOLET REGIONS OF THE SPECTRUM. 

THE ABSORPTION SPECTRA OF GdBr3.6H20 AT ROOM 
TEMPERATURE AND AT THAT OF LIQUID AIR AND THEIR 

COMPARISON WITH THOSE OF GdC13.6Hz0 

BY SIMON FREED AND FRANK W. SPEDDING 

RECEIVED MARCH 3, 1930 PUBLI~HED OCTOBER 0, 1930 

I t  is well known that the absorption spectra of the solutions of colored 
salts1 consist of very broad bands and that the detail which the quantum 
theory requires to analyze them appears unattainable a t  present. The 
absorption spectra of crystals are less diffuse and they offer greater hope in 
this connection because the ions in a crystal lattice are subject to fields of 
greater regularity than exist in solution. It is a fact that the solutions of 
the rare earths possess relatively narrow bands and one would expect to find 
that their crystals would exhibit absorption spectra of exceptional sharp- 
n e ~ s . ~  In the next few paragraphs we shall attempt to show that the ions 
of the transition elements (the most common colored ions) should be re- 
garded as polyatomic in the solid state and in solution, while those of the 
rare earths may be treated as atomic and hence as the simplest for spectro- 
scopic study. 

In his work on the spectra of complex atoms and ions in the gaseous state 
Hund3 showed how to determine the character of the basic state of an atom 
(or atomic ion) from the number of the electrons in its various shells. He 
employed these basic states to calculate the magnetic moments of many 
ions but for lack of data upon paramagnetic monatomic gases he compared 
his results with the measured susceptibilities of ions in the solid state and in 
solution. The agreement was remarkably good in the case of the ions of 
the rare earths but there was no semblance of agreement with the ions of 
the iron group (the first long row of the periodic table). It seems then as if 

1 Jones and Strong, Carnegie Inst. Wash. Pub., No. 110 (1909); No. 130 (1911); 
No. 160 (1916). 

Bunsen, Pogg. Ann., 128, 100 (1866). 
a Hund, 2. Physik, 33, 853 (1925). 
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Hund's assumptions do not apply here and i t  is not difficult to find the 
reason. 

Let us compare a particular example of an ion in the iron group with one 
in the rare earth group, chromic ion and gadolinium ion. The electronic 
configurations of these ions in the gaseous state are electronic shells 

11 2, 22 31 3% 33 41 42 4.2 44 51 62 

Cr+++ 2 2 6 2 6 3  
Gd+'+ 2 2 6 2 6 1 0 2 6 1 0 7 2 6  

We observe that the ions in the iron group have their incomplete elec- 
tronic shells in the outermost orbits where they can readily couple with 
electrons of other substances such as C1- or HzO. I t  is well known since 
the work of Werner that Crf + + in solution is really Cr(H20)6+f f. On the 
other hand, the unbalanced electrons in the structure of the ions of the rare 
earths are within the kernel of the ion and are shielded from external 
coupling by the completely filled 51 and 52 shells. In fact, the rare earths 
do not form complex ions and it is well known that their colors are un- 
affected (or only to a slight degree) by changing the medium in which they 
are dissolved. The ions of the iron group are extremely sensitive to their 
medium. For example, the addition of ammonia or cyanide ion com- 
pletely transforms the colors of chromic ion or cupric ion. We conclude 
that there is a radical difference between the electronic configurations of 
these ions in the gaseous state and their configurations in solution. That is, 
chemical bonds between the water molecules and the metallic ion have 
transformed the atomic ion into a polyatomic or molecular ion and hence 
Hund's theory3 for atomic ions is not applicable. We must have recourse 
to theories concerning the stationary states of polyatomic molecules, such 
as have been devised to interpret band spectra. Among the ions of the 
rare earths, no chemical coupling has occurred, so that these ions are truly 
atomic in solution and in the crystal. Their magnetic properties establish 
definitely that they have the same electronic configurations here that they 
have in the gaseous state. The water molecules are attached to the posi- 
tive ions by the forces of electrostatic polarization and not by chemical 
bonds (pairs of electrons whose magnetic moments have neutralized each 
other). 

According to this reasoning, the absorption spectra of the rare earths 
resemble the line spectra of monatomic gases, whereas the absorption spec- 

' A great deal has been written upon the paramagnetism of the ions of the iron 
group. Many of the ions in solution and in the solid state display a paramagnetism 
which can be expressed readily in terms of the Bohr unit of magnetic moment, eh/*m 
where e lm is the ratio of the charge divided by the mass of an electron and h is Planck's 
constant. This unit is employed constantly in the spectroscopic study of gases. Som- 
merfeld, "Atombau," Vieweg and Sohn, Braunschweig, 4th ed., 1924; Stoner. "Mag- 
netism and Atomic Structure," E. P. Dutton and Co., ~ e w  York, 1926; Freed, THIS 

JOURNAL, 49, 2456 (1927). 
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tra of the ions in the iron group resemble the band spectra of polyatornic 
molecules. We actually found in our work on the rare earths, especially in 
the case of gadolinium, that the absorption spectra consisted of very sharp 
 line^.^ 

I t  should be remembered that the positive ion in the crystal lattice is 
constantly in the electric fields of its neighbors. At higher temperatures 
when the oscillations are more violent the variation in the intensity of the 
fields will be greater and consequently there is a greater variation in the 
energy levels of the positive ion which are affected by these fields. That  is, 
different ions will be exposed to fields of different intensities and directions 
and consequently the light associated with these energy levels will vary 
slightly in frequency so that the resultant line observed will be broader a t  
higher temperatures. A reduction in temperature will permit a refinement 
in the absorption spectrum. This influence of temperature was studied by 
BecquereL6 

When the oscillations in the crystal lattice have been so reduced that 
their effect upon the characteristic absorption is slight, it becomes possible 
to measure the influence of the size, charge and other properties of the 
neighbors of the positive ion upon its energy levels. So direct a quanti- 
tative study of the influence of one ion (for example) upon another is 
clearly of great chemical importance. Already vast stores of data have 
been accumulated showing the influence of chemical combination upon the 
x-ray energy levels of ions. The unit of energy employed in these investi- 
gations is so huge that the influence of chemical combination appears as a 
slight difference in large magnitudes. X-ray measurements are con- 
cerned with the energy necessary to remove an electron from a shell which 
has its full complement of electrons far inside the kernel of the ion. I n  the 
investigation being reported the electrons that are most easily affected 
by the negative ion come into play, that is, those in the incomplete 4 4  

electronic shell. In the x-ray region the smallest detectable energy differ- 
ence is roughly a thousand times as large as can be detected in the visible 
region of the spectrum. The quantitative correlation of such magnitudes 
as heats of solution, etc., with the energy levels of the spectra we are work- 
ing with is within the range of reasonable expectation. 

Experimental Methods and Results.-We are now reporting upon 
the absorption spectra of GdBra.6Hz0 taken at room temperature and a t  
that of liquid air. We also wish to indicate differences between these 
spectra and those of GdClr6HzO reported el~ewhere.~ For details as re- 
gards some of our apparatus and the method of growing single crystals we 
must refer to the paper5 previously mentioned. 

The crystals grow in colorless flat rhombohedra. The light was passed 

Freed and Spedding, (a) Nature, 123, 525 (1929); (b) Phys. Rev., 34, 945 (1929). 
J. Becquerel, Gedenkboek K. Kammerlingh Onnes. Leiden. 1922. 
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perpendicular to two parallel sides which did not require polishing. It has 
been known for a long time that the frequency of the light absorbed is the 
same along the different axes of a crystal. The intensities, however, may 
be different.' 

The source of the continuous radiation in the ultraviolet was a hydrogen 
discharge tube with aluminum electrodes, as described by Bay and Steinere8 
The spectrum was continuous and rather uniform in intensity down to 
2000 A.-the limit of our spectrograph. 

Fig. 1.-Absorption spectrum of GdBr3.6H20 at room temperature. 

The absorption spectra of GdBra-6HzO a t  room temperature were taken 
with a spectrograph having two quartz prisms with a dispersion of 3.5 A. 
per rum. a t  2350 A. and 20 a. per mm. a t  4000 A. This spectrograph was 
not available when the spectra a t  the temperature of liquid air were taken. 
The latter were photographed with a large Hilger spectrograph containing 
a single quartz prism. Its dispersion was 6 k. per mm. a t  2350 A. and 34 
A. per mm. at 4000 A. 

The bromide is extremely hygroscopic and its handling was made easier 
by covering the crystal with a very thin layer of collodion, which was trans- 
parent in the spectral regions investigated. 

It happened that the most satisfactory spectra of the bromide were ob- 
tained from a particular crystal about 0.8 mm. thick which originated from 
c. P. gadolinium oxalate procured from the Welsbach Company and twice 
reprecipitated and recrystallized. If any lines had appeared in the bromide 
which did not have their counterpart in the chloride, we should have been 
inclined to  attribute them to slight impurities. (However, such was not 
the case.) Our chloride was made from a sulfate especially purified for us 
under the direction of Professor B. S. Hopkins of the University of ~llinois, 
who was kind enough to give us also the following chemical history of the 
sulfate. 

"Gadolinium material accumulated in this Laboratory (University of 
Illinois) from various rare earth sources was repeatedly precipitated as 
hydroxide by the addition of ammonia to a solution of the chlorides. The 

Bunsen, Pogg. Ann., 128, 100 (1866); H. Becquerel, Ann. chim. phys., 6, 170 
(1888). 

Bay and Steiner, 2. Physik. 45, 337 (1927). 
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mixture was then treated with hydrogen sulfide, filtered, and the rare 
earths in the filtrate were precipitated as oxalates with oxalic acid, ignited 
to the oxides, dissolved in hydrochloric acid, precipitated as hydroxides by 
ammonia, and finally converted to the nitrates by dissolving in nitric acid. 
Bismuth nitrate was added and the mixture was subjected to  fractional 
crystallization of the simple nitrates in nitric acid solution. After pro- 
longed fractionation, part of the material was precipitated as oxalate, 
ignited, and dissolved in nitric acid with the addition of sufficient rnag- 
nesium oxide to form the double rare earth magnesium nitrate. This 
material was subjected to further fractional crystallization. All the 
gadolinium free from the other rare earths was then precipitated twice as 
oxalate to remove magnesium, then dissolved in hydrochloric acid and 
treated repeatedy with hydrogen sulfide to remove bismuth until no further 
precipitate of bismuth sulfide was obtained. The gadolinium was precipi- 
tated as oxalate, ignited, dissolved in nitric acid and fractionally crystal- 
lized five times as,simple nitrate. The material was then precipitated as 
oxalate, ignited for twenty-four hours, and the oxide was suspended in a 
large volume of water to which sulfuric acid was added. The sulfate 
solution was evaporated slowly and the crystals were dried in an  oven a t  
lloO. 

"The samarium present was estimated spectroscopically to  be approxi- 
mately 0.2%. No indication was observed of europium, while there was a 
possible trace of terbium, although no spectroscopic evidence of its presence 
was obtained. The sulfuric acid had the following limits of impurities (yo) 

HCI 0.00005 Heavy metals 0.0005 
Fe .WOO8 Non-volatile .0006 
As .000001 

TABLE I 
WAVE LENGTHS OP GdBrs.6H20 AND GdC13.6Hz0 

GdBrt.6HzO GdCIj.6HeO 
Room Liquid air Room Liquid air Liquid hydrogen 

&mperature (fnperature c$;mP"Ee-l) $;lpera(ture ( ~ n p e r a t u r e  
(cm.-1) (cm. -1) cm. -1) (cm. -9 

4646.3 21516 4644.9 21523.0 4646.62 21515.0 4647.05 21513.0 
4154 7 24O6Za 4157.9 24044 
4153 6 24069 4157.2 24048 

4152 7 24074 4156.84 24036.5 
4152 3 24076 4153.28 24070.5 

4074 0 2453gb 4073 7 24541 
4073.5 24542 4072.7 24547 4074.11 24536.5 

7 4029 0 24813 4026.6 24026 4026 2 24830 
4028 5 24816 4024.5 24841 4024 8 24839 4025 75 24833.0 

? 4012 5 24884 4016.4 24891 4014.1 24905 4014.10 24906.0 
4016.8 24888 4013.6 24908 

4012 8 24913 
4011.4 24922 4011.9 24919 4012 61 24914 5 

3118.10 32061.5 3118.90 32053.5 3117 04 32072 5 3117 52 32067.5 3117.67 32066.0 
3114.85 3-1095 0 3115 40 32089.5 3114.87 32094 0 3114.95 32094.0 3115.19 32091.5 
3112.10 32123.5 3112.50 32119.0 3112.14 32123.0 3112.13 32123.0 3112.33 32121.0 
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TABLE I (Concluded) 

Room Liquid air Room Liquid air Liquid hydrogen 
(1.rnperature $f;lperature (t&nperature ;t-fpperature (Fyperature 

(cm. -11 (cm. -1) (cm. -1) (cm. -I) (cm. -1) 

3109.90 32146.0 3110.25 32142.5 3109.86 32146.5 3109.91 32146.0 3110.10 32144.0 
3061.20 32657.5 3061.90 32650.0 3060.54 32664.5 3061.00 32659.5 3060.82 32661.5 
3057.25 32699.5 3057.85 32693.0 3057.08 32701.5 3057.27 32699.5 3057.17 32700.5 
3053.60 32738.5 3053.95 32735.0 3053.61 32738.5 3053.53 32739.5 3053.53 32739.5 
2793.15 35791.5 2793.60 35785.5 2792.67 35796.5 2793.07 35792.5 2793.22 35790.5 
2790.20 35829.0 2790.70 35823.0 2790.10 35830.5 2790.49 35825.5 2790.72 35822.5 
2788.20 35850.0 2788.95 35845.5 2788.70 35848.5 2788.90 35845.5 2789.08 35843.5 
2786.50 35876.5 2786.90 35873.0 2786.52 35876.5 2786.68 35874.5 2786.83 35872.5 

? ? 2767.9 36118 ? ? 2767.77 36119.5 2767.66 36121.0 
2766.45 36137.0 2767.10 36128.0 2765.90 36144.0 2766.47 36136.5 2766.47 36136.5 

? ? 2765.9 36144 2765.06 36155.0 2765.63 36147.5 2765.63 36147.5 
2764.00 36169.0 2764.45 36163.0 2763.86 36170.5 2764.29 36165.0 2764.33 36164.5 
2762.85 36184.0 2763.35 36177.5 2762.65 36186.5 2763.07 36181.0 2763.10 36180.5 
2761.60 36200.5 2762.05 26194.5 2761.62 36200.0 2761.88 36196.5 2761.92 36196.0 
2760.45 36215.0 2761 20 36205.5 2760.93 36209.0 2761.23 36205.0 2761.31 36204.0 
2759.95 36222.0 2760.15 36219.0 2759.86 36223.0 2760.17 36219.0 2760.09 36220.0 
2759.40 36229.0 2759.08 36234.5 2759.37 36229.5 2759.40 36229.0 
2758.85 36236.5 2758.53 36240.5 2758.87 36236.0 2758.83 36236.5 
2758.30 36243.5 2758.11 36246.0 2758.46 36241.5 2758.42 36242.0 
2757.85 36249.5 2757.66 36252.0 2758.03 36249.0 2758.00 36247.5 
2757.45 36255.0 2757.20 36258.0 2757.62 36252.5 2757.62 36252.5 
2756.80 36263.0 2757.15 36258.5 2756.59 36266.0 2756.93 36261.5 2756.85 36262.5 

? ? 2747.75 36382.5 2745.05 36418.5 2745.57 36411.5 2745.46 36413.0 
2745.60 36411.5 2746.25 36402.5 2744.71 36423.0 2744.33 36428.0 

? ? 2744.85 36421.0 2743.09 36444.5 2743.54 36438.5 2743.31 36441.5 
2743.30 36442.0 2743.65 36437.0 2742.45 36453.0 2742.37 36454.0 
2742.15 36457.0 2742.40 36452.0 2741.81 36461.5 2742.03 36458.5 2742.00 36459.0 
2741.55 36463.5 2742.05 36458.0 2741.02 36472.0 2741.05 36471.5 
2739.95 36486.5 2740.20 36483.0 2740.45 36479.5 
2738.75 36502.0 2739.05 36498.0 2739.85 36487.5 2740.19 36483.0 2740.08 36484.5 
2736.75 36529.0 2738.10 36511.0 2739.48 36492.5 
2735.20 36551.0 2737.30 36521.5 2738.69 36503.0 2738.95 36499.6 2738.76 36502.0 
2734.35 36561.0 2735.50 36545. 5d 2737.12 36524.0 2737.83 36514.5 2737.94 36513.0 
2733.65 36570.5 2734.05 36565.0 2735.80 36541.5 2736.33 36534.5 2736.26 36535.5 
2732.90 36580.5 2733.20 36576.5 2735.36 36547.5 
2731.90 36593.5 2732.30 36588.5 2734.68 36556.5 2735.06 36551.5 2734.95 36553.0 
2731.15 36603.5 2731.25 36602.5 2734.12 36564.0 2734.38 36560.5" 
2730.80 36608.5 2733.75 36569.0 
2730.30 36615.5 2730.05 36618.5 2732.70 3 6 5 8 . 0  2733.11 36577.5 Unresolved band 
2729.70 36623.2 2731.73 36596.0 2732.18 36590.0 due to structure 
2729.10 36631.0 2729.30 36628.5 2731.17 36603.5 in source 

2730.24 36616.0 
2726.84 36637.5 2729.31 36628.5 2728.78 36635.5 

2727.80 36648.5 2727.85 36648.0 2727.48 36653.0 2727.82 36648.5 2727.79 36649.0 
2727.00 36659.5 2727.05 36658.5 2726.85 36661.5 2727.07 36658.5 2727.0 36659.5 
2530.35 39508.5 2530.50 39506.0 2530.05 39513.0 2530.30 39509.0 
2529.40 39523.5 2529.55 39520.5 2528.90 39531.0 2529.10 30528.0 
2527.10 39559.0 2527.15 39558.5 2526.40 39570.0 2526.60 39576.0 
2525.25 39588.0 2525.20 39589.0 2524.70 39597.0 2524.85 39594.5 
2523.20 39620.5 2523.25 39619.5 2522.50 39631.0 2522.70 39628.5 
2464.00 40572.0 2464.00 f 40572.5 2463.15 40586.0 2463.25 40584.5 
2463.05 40588.0 2463.20 40585.5 2462.30 40601.0 2462.35 40599.0 
2446.75 40858.0 2446.90 40855.5 2446.10 40868.0 2446.50 40862.5 
2441.75 40941.5 2441.85 40940.0 2441.25 40950.0 2441.35 40948.0 

" Looks like two lines. Very faint band. Very faint band, looks like two lines. 
" Band unresolved due to smaller dispersion. Barely resolved due to small dispersion. 
" Not completely resolved due to smaller dispersion. Background so faint lines 
difficult to measure. 
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Discussion of Results.-The absorption spectra even a t  room tem- 
perature consisted of extremely sharp lines, as may be seen from the 
photograph and the precision with which the frequencies could be deter- 
mined (see table). The spectra lay almost entirely in the ultraviolet 
region except for a few faint diffuse lines in the visible. These lines be- 
came markedly finer a t  the temperature of liquid air. 

The magnetic measurements of Kammerlingh Onnes and his associates9 
show that the magnetic behavior of Gd+++ in the solid state conforms with 
that expected theoretically from a "perfect magnetic" gas throughout the 
entire temperature range, from room temperature to 1.3'K. This "gas" 
(Gd+++) consists of a single species having for its basic electronic 
level. lo 

I t  follows that the other electronic levels are rather far removed in 
terms of energy from the 8S, for, otherwise, the ions having the electronic 
configurations corresponding to these levels would have contributed to the 
measured susceptibility and produced deviations from the theoretical curve. 
The latter had assumed that only one species was present. 

The Hund theory predicts that other electronic levels belongrng to sys- 
tems of lower multiplicity than 8S originate from the seven 4 4  electrons of 
Gd+ ++. They correspond to different relative orientations of the spin and 
orbital moments of the seven equivalent electrons. Goudsmit" has shown 
that the relativity doublet separation g i~en  by the formula of Sommerfeld 
employed in the x-ray region of the spectrum 

can often be applied in the optical region to such electronic configurations 
in order to obtain the separations between the multiplets. Av is the dif- 
ference in frequency between the doublet levels, R is Rydberg's constant, 
e is the charge of the electron, h is Planck's constant, c is the velocity of 
light, Z is the atomic number of the atom, o is the screening constant 
derived from x-ray measurements, n is the total quantum number of the 
electron and I is its orbital quantum number. The separations expected in 
the rare earths are of the order of magnitude found between the groups of 
the Gd+++ spectrum. It appears probable ecen a t  this early stage of 
study that each group of lines would be a single line (if the ion were gaseous) 
corresponding to a transition from the basic level to a multiplet level and 
that this single line has been decomposed into a group of lines by the elec- 
tric fields within the crystal. However, some of the levels have not been 

9 Woltjer and Kammerlingh Onnes, Leiden Comm. No. 167C. 
lo (a) Hund, Z. Physik, 33, 853 (1925); (b) Giauque, THIS JOURNAL, 49, 1870 

(1927). 
l1 Goudsrnit. Phys. Rev.. 31, 946 (1928). 
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decomposed into their maximum number of components. We have already 
found from spectroscopic measurements in a magnetic field (Zeeman Effect 
on Solids) that further decomposition of some of the lines (or levels) can be 
effected. l2 

It is easy to tabulate many of the lines of the Gd+++ spectrum into 
multiplets having constant energy differences. Such a tabulation need not 
lead to unique energy levels even in the spectra of gases unless further in- 
formation such as is furnished by the study of the Zeeman Effect, etc., is 
available. I t  is with the aim of getting unique energy relations that our 
work on the Zeeman Effect in crystals is being undertaken. 

We have also made polarization spectra (which we shall publish later 
together wit11 the work on the Zeeman Effect) which show that the lines are 
polarized in relatively different directions. Such a behavior cannot be 
attributed to any crystalline dissymmetry, for then all the lines would be 
polarized more or less uniformly. 

It is characteristic of the Stark Effect, that is, the interaction of an 
electric field with radiant matter, that i t  produces lines which are polarized. 
The polarization of the spectral lines definitely expresses the electrical 
influence of the neighbors of the positive ion upon its spectrum. The 
identification of the polarization of the lines with that observed in the 
Stark Effect on gases is the same as the interpretation previously ad- 
vancedla that the polarization discloses the regular orientation of the 
observing ions by the crystalline forces. In the Stark Effect the external 
field brings about an orientation or a quantization of the ion with respect to 
the direction of the field and then the transitions between the resultant 
states of the ion give rise to light which is polarized. 

The astonishing sharpness of the lines in the spectrum of Gdt++ even 
a t  room temperature shows that the Gd+++ is not sensitive to the variation 
in the perturbing action of the external electric fields. One would expect 

'that the thermal oscillation of the constituents in the crystal lattice would 
produce a great broadening, for example, such as is found in Sm+++, 
Er+++14 a t  room temperature. The shielding of the 44 electrons by the 
complete shells of the 51 and 52 electrons is particularly effective in Gd+ ++. 

As has been previously mentioned, the basic level of Gd+++ is an 8S which 
implies that the orbital momenta of all seven electrons in the 44 shell have 
completely neutralized each other. Such a neutralization leads to a dis- 
tribution of electron density having spherical symmetry, according to the 
quantum mechanics; that is, the electrons are probably grouped com- 
pactly inside the shielding 51 and 52 shells of electricity. In the language of 

12 Becquerel (Ref. 6) in studying the influence of a magnetic field upon the polariza- 
tion of the light absorbed by his substances observed a splitting of some of the lines. 

la Brunetti, Physik. Z., 29, 571 (1928). 
l4 Freed and Spedding, Nature, 123, 525 (1929). 
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orbits, we may say that the average time in which the 44 electrons are close 
to the perturbing agents is slight. In the less symmetrical electron dis- 
tributions which exist among ions such as Eu+++ or Sm+++, the ec- 
centricity of their orbits implies that the electrons are very close to the 
sources of perturbation a considerable fraction of the time. Hence their 
energy levels are capable of great variation since they accompany the 
oscillations of the perturbing agents. Their spectral lines are more diffuse. 

So symmetrical an arrangement of the seven electrons leads to a coupling 
of great stability. That is, the energy level corresponding to this coupling 
is considerably lower than any other (a sort of maximum stability). It is 
probable that the nearest energy level to which any rearrangement would 
correspond is so far above its basic level that ultraviolet light is necessary 
for any transition. (In other words, it would be surprising if any transi- 
tions could be brought about in absorption by means of infra-red radiation. 
Tf it occurs it would probably be faint and due to a transition from an 
activated level. We are inclined to believe that the faint diffuse lines in the 
visible are of a similar origin. Their very diffuseness suggests that the 
transition begins at  an electronic state of less stability than the basic 8S.) 

At the low temperature, there is a general readjustment of the energy 
levels so that the lines shift slightly toward the longer wave length regions 
of the spectrum. This change (already discussed in our communication on 
GdC13-6Hz0) may be attributed to the thermal contraction of the crystal. 
The constituents of the crystal are on an average nearer each other a t  the 
lower temperature and the closer approach of a bromide ion, for example, 
has probably shifted the outer energy level (corresponding to the activated 
state of Gd+++) more than the inner. That is, the energy levels have 
approached each other (in terms of energy) and a transition between them 
corresponds to a smaller change in energy than at the higher temperature. 
The light is of longer wave length. 

Comparison of Spectra of GdBr3.6H20 and GdClr6HzO.-There 
appears to be a complete parallelism among the spectra of the bromide and 
the chloride, that is, a line for line correspondence in their spectra. It is 
fairly certain from analogies with salts of similar composition that the six 
molecules of water are grouped more or less symmetrically about the gado- 
linium ion. Hence any difference in the spectra of GdCk6HsO and Gd- 
Bra.6Hz0 can be ascribed to a first approximation to the difference in 
character between the bromide ion and the chloride ion. The results show 
that the corresponding lines in the two spectra are very nearly the same, 
a fact in keeping with the supposition that the molecules of water are be- 
tween the negative ions and the gadolinium ion. The spectra indicate that 
the bromide ion induces a slight approach in the gross energy levels (that is, 
the hypothetically "unsplit" energy levels) of the gadolinium ion, as follows 
from the general displacement of the lines toward longer wave lengths as 
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compared with the corresponding chloride lines. The bromide ion also 
brings about a slightly greater separation (on the average) between the 
lines comprising a group. We have attributed the existence of these groups 
to the electric fields surrounding the gadolinium ion (fields presumably 
arising principally from the polarized water molecules). Upon this basis, 
the displacement toward the red and the greater separation induced by the 
bromide ion can be related to the well-known deformability of the bromide 
ion, which would produce a greater negative charge upon the surface 
opposite the gadolinium ion than would the chloride ion. 

Summary 

We have discussed the possibility of applying the quantum theory of the 
line spectra of gases to ions in the solid state. We have concluded that the 
ions of the rare earths ex

hi

bit line spectra comparable with those of atomic 
ions in the gaseous state under the influence of external electric fields. 

The absorption spectra of the crystal GdBr3.6H20 were taken at  room 
temperature and at  that of liquid air. I ts  spectra even a t  room tempera- 
ture consist of lines of extreme sharpness comparable with the lines of the 
iron arc which were used for comparison. The spectra lie almost entirely 
in the ultraviolet. There are a few faint diffuse lines in the visible. 

At the temperature of liquid air there is a slight shift of the lines toward 
longer wave lengths and a greater separation between lines comprising 
each group. These displacements can be related to the thermal contraction 
of the crystal which brings the constituents of the crystal closer together. 
The fields due to the neighbors of the Gd++ + become then more intense 
than a t  the greater average distance a t  higher temperatures. The few 
diffuse lines in the visible become narrower and sharper at  the temperature 
of liquid air. The spectra consist of groups of lines and these groups are 
separated by rather large intervals. We have regarded each group as 
corresponding to one line of the spectrum of Gdf++ ions in the gaseous 
state. This line has been decomposed into several lines by the electric 
fields arising from the neighbors of the Gdf ++ ions in the crystal lattice. 

Some of the potentialities of such investigations are sketched. The 
influence of bromide ion upon the positive ion is roughly compared with 
that of chloride ion (a preliminary communication on the spectra of Gd- 
C13-6Hz0 was published in Phys. Rev., 34,945 (1929)) and this difference is 
related to the greater deformability of the bromide ion. 

We are continuing and extending the study of the spectra of the ions of 
the rare earths with the hope of obtaining unique energy levels. 

BERKELEY, CALIFORNIA 
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THE ROLE OF THE LIQUID STATIONARY FILM IN BATCH 
ABSORPTIONS OF GASES. I. ABSORPTIONS INVOLVING NO 

IRREVERSIBLE CHEMICAL REACTIONS1 

In the studies on the rates of absorption of olefinic gases by stalfuric 
acid which were reported in a previous communication4 it was noted that 
the specific absorption coefficient (cc. of gas absorbed per sec. per sq. 
cm. of surface) was not appreciably affected by agitation of the acid. 
However, in the absorption chamber used (a horizontal cylinder) stirring 
was obtained by rotation, which also changed the area of the liquid sur- 
face exposed. Accordingly a new apparatus (described below) has been 
devised in which gases can be absorbed at various pressures by liquids 
with a constant area of surface exposed, while a stirrer is operating a t  
a controllable spced beneath the liquid surface. 

The results with the new apparatus have confirmed and extended the 
generalizations made from the former measurements with the rotating 
absorber. Some of the facts are at first sight surprising, e .  g., that ethylene 
was absorbed by concentrated sulfuric acid as rapidly when the acid was 
quiescent as when it was stirred (without breaking the surface or changing 
its area) at 400 r. p. m. The writers have found that the various phenomena 
encountered are best explained in terms of the so-called "two film theory" 
of gas absorption. For this purpose it has been necessary to study and 
extend further by experimental tests this important hypothesis. 

"It is now becoming generally recognized that whenever a liquid and a 
gas come in contact there exists on the gas side of the interface a layer 
of gas in which motion by convection is slight compared to that in the 
main body of the gas and that similarly on the liquid side of the inter- 
face there is a surface layer of liquid which is practically free from mixing 
by convection. This phenomenon is frequently expressed by assuming 
the existence of stationary films of gas and liquid on the two sides of the 
interface. "5 

This paper contains results obtained in an investigation on the "Relative Rates 
of Reaction of the Olefins," listed as Project No. 19 of American Petroleum Institute 
Research. Financial assistance in this work has been received from a research fund of 
the American Petroleum Institute donated by Mr. John D. Rockefeller. This fund is 
being administered by the Institute with the cooperation of the Central Petroleum 
Committee of the National Research Council. 

Director and Research Associate, Project No. 19. 
Junior Research Fellow, Project No. 19. 
Davis and Schuler, THIS JOURNAL, 52, 721 (1930). 
Lewis and Whitman, Ind. Eng. Chem.. 16, 1215 (1924). 
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There is good evidence that a similar liquid stationary film exists at  a liquid-solid 
interface. Noyes and WhitneP showed that the rate of solution of asolid in water is pro- 
portional to the difference between the saturation concentration and its concentration in 
the water. They assumed that at  the interface between the crystals and the liquid the 
solution is a t  each moment saturated. The velocity of solution according to this is 
conditioned only by the rate of diffusion through an unstirred layer close to the solid. 
Brunner7 in a very important research extended this work and measured rates of solution 
per unit area of interface. NernstS suggested that this hypothesis can be so generalized 
as to apply to all reactions in heterogeneous systems. The similarity of the phenomena 
caused by the liquid stationary films a t  various types of interfaces (liquid-gas, liquid- 
liquid and liquid-solid) should be emphasized. 

This paper will be limited to consideration of the role of the liquid 
stationary film in determining the rates of gas absorption where no irre- 
versible reactions are involved. When dealing with a pure gas of moderate 
solubility, the effect of the gas film is negligible. 

Lewis and Whitmans state, "Resistance to diffusion due to the gas film is, of 
course, non-existent in the special case where an absolutely pure gas is being absorbed. 
This problem is very rarely encountered in practice, however, since the presence of very 
small amounts of inert gas which will concentrate a t  the liquid surface is sufficient to 
create an effective gas film." This statement might imply that the inert gas is ad- 
sorbed on the surface of the liquid and forms a gas film, even a t  equilibrium conditions, 
in which its concentration is greater than in the main body of the gas. To such a con- 
ception H S. Taylors has objected that, "It is not in harmony with so much of the treat- 
ment found valid by Langmuir in the case of reactions a t  solid surfaces. On Langmuir's 
method of treatment there should be no gas film of the nature postulated by Whitman. 
A unimolecular layer of adsorbed molecules would represent the maximum film which 
could be formed." 

However, it would appear that the fundamental assumption made by Whitman is 
that on either side of the liquid-gas interface there exists a film of relatively quiet fluid 
and the gas being absorbed must pass through these films by diffusion. From these 
postulates Hanks and McAdamsl"ave shown that a gas film of the inert gas must 
exist a t  the interface when the solute gas is being absorbed from the main body of the 
gas into the liquid. For, since the solute gas passes inward through the stationary gas 
layer, by diffusion, it must form a gradient of decreasing concentration to the liquid 
surface, and since the total gas pressure of inert and solute gas remains constant, there 
must exist a similar gradient of the inert gas outward. 

The stationary films are by no means monomolecular in thickness, nor must they 
be confused with adsorbed layers. They are much thicker. Thus for water stirred 
underneath a t  1000 r. p. m. the effective thickness is about 0.0045 cm.,"hich is over a 
hundred thousand times the diameter of the water molecule. 

The reality of the liquid stationary film is confirmed by common-place 
observations. Thus, dust particles often remain motionless on the surface 
of water in a well-stirred thermostat. The phenomena stand out still more 

Noyes and Whitney, 2. physik. Chem., 23, 689 (1897). 
Brunner, ibid., 47, 56 (1904). 
Nernst, ibid., 47,52 (1904). 
Taylor, "A Treatise on Physical Chemistry," D. Van Nostrand Co., New York, 

1926, p. 1001. 
lo Hanks and McAdams, Ind. Eng. Chem., 21,1034 (1929). 
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plainly under the microscope in water containing fine particles, e, g., 
freshly precipitated barium sulfate. The solid particles a t  the surface 
and also for a short distance beneath it appear to be in a separate medium 
of their own which slips along the water like a thin skin. A little deeper 
down, the particles are carried here and there by currents and move past 
the outlines of those at  the surface like low-lying storm clouds against 
those high in the sky. 

The writers determined the distance between the quiet particles on the 
surface and those moving freely beneath it, under a microscope a t  about 
50 diameters magnification. The value obtained for quiescent water 
a t  room temperature, 0.04 cm., was checked with surprising closeness 
by different observers. 

What causes the liquid "stationary" film? Some of the contributory fac- 
tors can be pictured. Thus the upward motion of water in currents must 
cease before the surface is reached. Again, local currents across the 
surface are opposed by some force, perhaps that of surface tension. This 
is indicated by the tendency to preserve their relative spacing shown by 
particles lying on the surface. I t  is significant that the effective thick- 
ness of the liquid stationary film at  the gas-liquid interface is of the same 
order as that of the liquid film at a liquid-solid interface (see Table I, 
Note b). 

Whatever the causes of its existence, the liquid stationary film plays 
a major role in the absorption into or the evolution of gases from liquids. 
With moderate stirring, the main body of the liquid and the main body 
of the gas are each practically uniform in composition and the gas must 
pass from one phase to the other through the unstirred layers a t  the inter- 
face mainly by diffusion. In another communication it will be shown 
that where irreversible chemical reactions are involved, the whole reaction 
often takes place in the liquid stationary film and the gas never reaches 
the main body of the liquid at all. 

When a pure gas, oxygen for example, is suddenly admitted a t  atmos- 
pheric pressure into contact with pure water from which all gases have 
been removed, the very surface layer, perhaps monomolecular in thick- 
ness, instantaneously becomes very nearly saturated with o ~ y g e n . ~  This 
must be true, because an oxygen pressure is a t  once exerted from the 
surface equal to the partial pressure against it, which is the condition 
necessary for a saturated solution. 

The oxygen now begins to diffuse into the film a t  a treme~dous rate, 
for although the solubility of oxygen in water is small, 0.0012 M, the 
gradient from the surface is very steep. We wish to stress this point 
because of its bearing on the rapid rates a t  which some olefinic gases are 
absorbed by sulfuric acid, although they are quite insoluble therein. 

As diffusion proceeds the magnitude of this gradient quickly grows less 
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and the absorption slows down, soon reaching a constant value (initial 
absorfltion rate). At this stage the gradient is uniform and the same 
quantity of oxygen is passed from the surface through each unit cross 
section of the film into the main body of the liquid which is still practi- 
cally free from dissolved oxygen. 

The Time Required to Build up an Oxygen Gradient through the Film 
of Water.-Table I shows that the time necessary to establish a uniform 
gradient through the stationary liquid film depends on the degree of 
agitation in the water. It can be practically established (98%) through 
the sides of bubbles in one-tenth of a second, whereas five seconds are 
required in the case of moderately stirred (60 r. p. m.) water and in the 
case of quiescent water a still longer period is needed since here an effec- 
tive film thickness of several millimeters is sometimes encountered. 

These conclusions are substantiated by the measurements of Monaweck and 
Bakcr" on the rates of absorption of pure ammonia gas by water. With stirring 
a t  324 r. p. m., no high initial absorption was noted (readings being taken every ten 
seconds) and the rate remained constant for 110 sec. Evidently a uniform concentration 
gradient was very rapidly established through the film. Further, calculation shows that 
k~ = 1.3 X for these experiments, which is in good agreement with a value 2.2 X 
found by the writers from measurements of the absorption rate of carbon dioxide, a 
much less soluble gas, by water under similar conditions. 

On the other hand they found that the absorption rate of pire ammonia by quiescent 
water fell off over a period of 100 seconds to less than one-sixth of its initial value. 

SHOWING THE RISE OP THE CONCENTRATION WITH TIME IN THE CENTER OF THE LIQUID 

STATIONARY FILM DURING THE ABSORPTION OF OXYGEN BY WATER EXPRESSED AS 

PERCENTAGE OF THE VALUE AT UNIFORM ABSORPTION ( = 0.5 SURFACE  CONCENTRATION)^ 
Thickness 
of  film,b Seconds------. 

Absorption conditions cm. 0 0 1  0 . 1  0 2  0 5  1 0  5 

Water stirred at 60 r. p. m. 0 020 . . . . . . . . 20% %% 
Water stirred at 1000 r. p. m. 0045 . . 50yo 80% 99y0 . . . . 
Bubbles in water 0021 18y0 98y0 . . . . . . . . 
" I n  these calculations it has been assumed that the inner limit of the stationary 

film is sharply defined and that the concentration of dissolved oxygen a t  the interface, 
C,, remains constant (saturation value), while that a t  the inner edge and in the main 
body of the solution can be regarded as zero. 

I t  is further assumed that the course of the oxygen diffusion a t  all times satisfies 
the equation dclbt = ~ ( a ~ c l b x ~ ) ,  (see, however, Lewis and Chang, Trans. Am. Inst. 
Chem. Eng., 21,  135 (1928)), where c is concn. of dissolved oxygen, moles per liter; 
t is time in seconds after oxygen comes into contact with the deoxygenated water; 
x is distance in cm. from the surface; A is diffusion coefficient for oxygen through 
water. 

The writers are indebted to Professor F. C. Hitchcock for a solution of the &f- 
ferential equation for these conditions in terms of a Fourier series. 

These values are taken from the calculations of Lewis and Whitman except for 

l1 Monaweck dnd Baker, Trans. Am. Inst. Chem. Eng., 22, 165 (1929). 
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that for bubbles in water, which was calculated by the writers from the data of Adeney 
and Becker discussed below. 

It is interesting to compare these values for the thickness of the liquid statioxlary film 
at a gas-liquid (water) interface with those obtained by Brunner, Z. physik. Chem., 
47, 99 (1904), for the liquid stationary films at  the surface of solids in well-stirred 
liquids-0.0030 cm. for pure water and 0.0028 to 0.005 cm. for various solutions. 

Experimental 

The absorption apparatus was designed to operate a t  atmospheric pres- 
sure or a t  any desired reduced pressure. Accordingly it was necessary that 
the seal around the stirrer should stand high vacua, so that an ordinary 
mercury ring seal could not be used. 

Fig. 1.-Diagram of apparatus for gas absorptions by 
liquids a t  atmospheric or at  reduced pressures. A, mer- 
cury seal; B, packed joint through which drive shaft (C) 
passes upward through capillary tube (C1) ; D, semicircular 
arc of glass tubing containing a flexible rope pattern watch 
chain; E, which transmits power to stirrer, F ;  JlJaJ3, 

ground-glass joints; H, manometer tube; T, tachometer 
calibrated to register r. p. m. of stirrer. 

The main outline of the apparatus will be plain from the figure. Its 
unique feature is the manner in which the stirrer is operated. The mer- 
cury seal (A) is outside the apparatus at the bottom of the vertical capillary 
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tube (C)  which is longer than barometric height. The drive shaft (C) 
passes through a packed joint (B) in the bottom of the mercury cup, and 
extends to the top of the capillary tube. Thence the power is trans- 
mitted around the semicircular arc (D) by means of the flexible gold-filled, 
rope-pattern chain (E) to the stirrer proper (F) in the reaction chamber. 
The latter is suspended in a constant temperature bath. 

Experiments at Constant Volume.-In the experiments a measured 
volume of the liquid was introduced into the bottom of the chamber by 
means of a long-stemmed funnel. The apparatus was then closed and 
evacuated through the side tube I. Next the gas was drawn in. The 
rate of absorption was followed by the change of pressure with time. 

Suitable corrections were made for the changes in volume due to the 
rise of the mercury level in the drive tube and in the manometer tube.12 

Experiments at Constant Pressures.-These were carried out with 
mercury-filled gas burets connected to the reaction chamber a t  I. In  
order to keep the gas pressure constant, the leveling bulb was slowly 
raised by means of a windlass and reducing gears whose speed could be 
suitably varied to correspond to the rate of absorption. Readings of the 
buret were taken with time. In  the absorptions of olefiiis by sulfuric 
acid, in order to observe the rate when the quantity of olefin absorbed 
was 10yo or more equivalent to the acid, two micro experiments were per- 
formed, using 1 cc. of acid. The regular stirrer was replaced by a smaller one 
which stirred the liquid in the small chamber without changing its surface. 

The characteristics of the absorption chamber were as follows 

Volume including connecting tubesa = 340.4 cc. 
Area of liquid surface with 30-100 cc. of liquidb = 17 sq. cm. 
Area of liquid surface in lower cup used for micro experiments (1 to 3 cc. of liquid)" = 

1.41 sq. cm. 
a Determined by change of pressure caused by addition of known volumes of air. 
' Determined by adding known volumes of liquid and noting the rise in liquid level. 
" Determined as in (b) except that the curvature of the meniscus had to be taken 

into account. 

TABLE OF NOMENCLATURE 

N = gram moles of gas 
t = time in seconds 
dN/Adt = rate of gas absorption per unit area of liquid surface-moles per sec. per 

sq. cm. 

le P = (I - R) - 8 ,  where8 = (B - R)AR/V, 
P = Pressure of gas at  time t corrected to VO 
I  = Initial manometer reading before introduction of gas 
R = Manometer reading at  time t 
B = Barometric pressure (uncorrected) 
A = Sum of the cross sectional areas of the mercury in the manometer and 

drive-shaft tubes 
Vo = Volume of gas space in apparatus at  atmospheric pressure 
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(dN)/(Adt)Init. = initial rate of absorption after practically stationary Cotlcentration 
gradients have been established in the liquid film, moles per square centi- 
meter per second 

A = area of liquid-gas interface in sq. cm. 
k~ = a constant which, according to the theory outlined above, is equal to the 

digusion coefficient of the dissolved gas through the liquid stationary 
film, that is, the number of moles which would diffuse through 1 sq. cm. of 
cross section in one second if the difference in the concentrations of the dis- 
solved gas at  the interface and in the main body of the solution were molar 

Ci = saturation concentration of the dissolved gas in moles per liter a t  its partial 
pressure during the absorption 

CL = molal concentration of dissolved gas in the main body of the liquid a t  time t 
c e  = concentration, moles per liter, of the reacting solute in the main body of the 

solution. (See paper I1 in this series) 
Cof. = cc. of gas absorbed per sec. per sq. cm. of surface, measured a t  its own par- 

tial pressure. 

To avoid confusion the C used in a former communication to denote gas absorption 
rate is here replaced by Cof. The other symbols are similar to those of Lewis and 
Whitman except that gas quantities and concentrations are expressed in gram moles 
rather than in grams. 

Table I1 gives collected data on the initial rates of solution of oxygen 
and a few other gases by liquids under different absorption conditions. 
Direct comparisons are possible because in each case the investigators have 
measured the area of the gas-liquid interface so that the absorption rate 
per unit area could be calculated. The absorption methods were as follows. 

I. Liquids at Rest and Liquids Stirred without their Surfaces Being 
Broken.-The writers have measured the rates of solution of oxygen and 
of carbon dioxide by water and of oxygen by tetrachloroethane in the 
apparatus which is described above. Measurements were carried out 
both a t  constant volume and at constant pressure (area of gas-liquid 
interface 17 sq. cm.). 

Becker measured the absorption rate of oxygen from airl5 a t  constant 
volume by water containing suspensions of ferrous hydroxide precipi- 
tated directly therein from ferrous sulfate and potassium hydroxide; 
volume of liquid, 100 cc.; Area of surface except at high stirring, 11 sq. cm. 

11. Gas Bubbles in Liquids.-Adeney and Becker14 measured the 
'8 Becker, Phil. Mag., 45, 681 (1923). 
14Adeney and Becker, ibid., 38, 317-337 (1919); 39, 385-404 (1920). The 

mathematical calculations of these investigators appear to contain certain errors which 
are confusing to the reader although they do not vitiate the important experimental 
data or the main conclusions. Thus they define "w" as the "weight of gas per cc. in 
the upper layer" of liquid (cc. of gas instead of g. are given in their tables). However, 
they multiply its rate of change with time dw/dt by V ,  the total volume of the liquid. 
in order to obtain the total rate of gas absorption. Evidently this latter relationship 
can only be true if w represents the average concentration of the gas in the whole liquid. 
In  Tables 1, 2, 3 and 4 of the first paper and Table 6 of the second, "w" and "a" should 
be "wlr"  and "aV," respectively. 
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rates of absorption of oxygen and nitrogen a t  practically constant 
pressure from bubbles (vol., 15 cc.) moving upward through 94 cc. of 
water in a cylindrical tube 1 cm. in diameter; velocity of bubble upward, 
10 cm. per sec.; velocity of water past cylindrical part of bubble through 
an annular space 0.05 cm, thick, 65 cm. per sec. 

1IB.-Ledig and WeaverI5 measured the rate of carbon dioxide ab- 
sorption at atmospheric pressure from bubbles, vol. 0.036 cc., suspended 
in downflowing water. 

111. Liquids in a Shaken Absorption Chamber.-Conant and Scherp16 
have measured the rates of absorption of gases by 5-15 cc. of liquids 
when shaken in a 70-cc. flask 400 times a minute. Direct measurements 
showed the area of the liquid and wetted glass surfaces exposed during 
the shakings to be 50-75 sq. cm. A closer estimate was then made by 
determining the ratio of the over-all rate of ethylene absorption by con- 
centrated sulfuric acid during shaking, to that a t  rest. This ratio was 
5.6 and the area of the liquid surface at rest 11.5 sq. cm. On the assump- 
tion that the over-all rate of this particular absorption is proportional to 
the area of the acid surface and unaffected by the degree of its a g i t a t i ~ n , ~  
the area during shaking was calculated to be 64 sq. crn. 

Measurements carried out with the dissolved gases in the liquids a t  
different degrees of saturation showed that the absorption rates satisfy 
fairly well the equation of Lewis and Whitman 

Discussion 
The Speed of Stirring and the Absorption Rate.-Becker measured 

the rates of oxygen absorption per unit area from air by suspensions of 
ferrous hydroxide stirred at  various speeds (Expts. 6-12). He found 
the rate to be constant at  any one speed, a result which has been con- 
firmed by the writers, and he assumed it to be the same as the initial 
absorption rate by pure water (compare Expts. 3 and 8). 

It will be seen that in Becker's experiments the absorption rate increased 
enormously with the stirring at  first but tended to a maximum independent 
of further increases in the stirring speed. The value a t  1000 r. p. m. was 
5.2 X mole per sq. crn. per sec., which is undoubtedly lower than 
the initial rate for pure water as pointed out below. (Unfortunately 
Becker did not record the quantities of ferrous sulfate and potassium 
hydroxide used.) Now Adeney and Becker (Expt. 16) found the value 
11 X mole per sq. cm. per sec. for the absorption rate of oxygen 
from the sides of bubbles. Considering the fact that in their experiments 

l5 Ledig and Weaver, THIS JOURNAL, 46, 650 (1924). 
' 6  Conant and Scherp, unpublished data from the Converse Chemical Laboratory, 

Harvard University. 
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the water was streaming past the sides through an annular space 0.05 
cm. thick a t  the rate of 65 cm. per sec. it appears that this value repre- 
sents about the maximum oxygen absorption rate that could be obtained 
into pure water stirred without breaking or enlarging the surface. 

If currents brought fresh liquid continually to the very surface, the 
absorption rate per unit area should increase almost proportionally with 
the degree of agitation nor would it tend to a maximum. Thoughtful 
consideration of these facts impresses one with the reality of the liquid 
stationary film. 

The Effect of Renewing the Surface.-Adeney and Becker found oxy- 
gen to be absorbed at  a faster rate (about 7.5 times) from the tip of 
bubbles than from the cylindrical portion and they offered the following 
explanation. "The rate at which the water streams past the head of the 
bubble is much less than that a t  which it  passes down the cylindrical 
portion of it; hence the absorption due to the head of the bubble is much 
greater than might be expected from its area." But this would mean 
that agitation below the liquid surface decreases the rate of oxygen ab- 
sorption whereas Becker has shown that exactly the reverse is true. The 
writers suggest that the greater absorbing power of thk head of a bubble 
is caused by a continual pulling out laterally of the surface in front, which 
brings fresh water into the stationary film. On the other hand, the surface 
slides down the cylindrical portion without changing in area. The fact 
that the average absorption rate per unit area was found to be the same 
from this portion in bubbles of diierent sizes proves that a uniform oxygen 
gradient was very rapidly established through the film, in agreement with 
the calculations in the last section. 

Ledig and Weaver's value for the absorption rate of carbon dioxide 
by water represents the average for the whole surface of small bubbles 
and their value for kL X lo6 = 20 (Expt. 19) lies between those of Adeney 
and Becker for the head and for the sides of large bubbles. 

The film coefficients calculated from Conant and Scherp's experiments 
(20-26) kL X lo6 = 20-36 are almost half that for the head of bubbles 
in water. It appears that if the volume of the containing vessel is much 
greater than that of the liquid, then tossing it back and forth, continually 
spreads out new liquid surfaces on the walls and is an excellent way to 
secure high absorption rates. Under these conditions, diffusion no longer 
plays the dominating role in limiting the absorption. Currents in the 
film have become an important factor also. 

A Comparison of the Rates of Solution of Gases by Water and by 
Organic Solvents.-In the experiments with stirred liquids the film 
diffusion coefficient kL of tetrachloro-ethane was over twice that for water 
under the same conditions. On the other hand, in Conant and Scherp's 
experiments with shaken liquids, the coefficients were practically the 
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same for absorption of oxygen and hydrogen into water, tetrachloro- 
ethane and bromobenzene. The magnitude of the absorption rate de- 
pended almost entirely on the solubility of the gas. 

Hydrogen and Oxygen.-The film coefficients for hydrogen in Conant 
and Scherp's experiments are 1.3 to 1.4 times those for oxygen under the 
same conditions; but data in "International Critical Tables" show that  
hydrogen diffuses about 2.4 times faster than oxygen in liquids. Perhaps 
this bears out the assumption of Lewis and Whitman that the liquid film 
diffusion coefficients for all solutes are of about the same magnitude. 

Absorption Rate and Reaction Rate.-When a gas, oxygen for example, 
is absorbed by a solution and reacts irreversibly with some substance 
dissolved therein, steady conditions are often reached where the rate of 
oxygen absorption is just equal to the rate a t  which i t  is consumed in the 
solution. What is the concentration of the dissolved oxygen? Evi- 
dently not the saturation value, for oxygen could not then be absorbed 
a t  all. If the absorption rate a t  the steady state is less than the initial 
physical absorption rate into the pure solvent, then an estimate of its 
fractional saturation in the solution will be obtained from the ratio of 
these rates. Hence the importance of determining the initial absorption 
rate. 

Suspensions of ferrous hydroxide in dilute solutions can be used conveniently for 
finding the order of the value for the initial rate of oxygen absorption by water in an 
apparatus. However, experiments 3 and 4, Table 11, show that the rate for a suspension 
in 1 N potassium sulfate is less than half that for pure water and the fact that the film 
diffusion coefficient is also lower shows that the effect is not entirely due to the lowering 
of the oxygen solubility by the potassium sulfate. 

Miyamoto17 has shown that when air is bubbled through suspensions of ferrous 
hydroxide in sodium hydroxide soIntion, the over-all absorption rate is independent of 
the quantity of the precipitate but is reduced by the addition of more alkali. It is to  be 
regretted that absorption rates per unit area of surface cannot be calculated from the 
extensive data of this investigator. 

If the oxygen absorption rate is greater than the initial rate i t  means 
that the main body of the solution contains little or no dissolved oxygen 
and that part or all of the reaction takes place in the liquid stationary 
film. This will be treated further in another communication. 

Summary 

1. The reality of the liquid stationary film, the thin unstirred layer, 
on the surface of liquids is emphasized. The important role of this film 
in gas absorptions, though known to engineers, has not perhaps been 
generally recognized. I ts  effective thickness depends on the absorption 
conditions. 

17 Miyamoto, Bull. Chem. Soc., Japan, 2 ,  40 (1927); 3, 137 (1928); 4, 65 (1929); 
Sci. Papers Inst Phys. Chem. Research (Tokyo), 7 ,  35 (1927); 9, 203 (1928). 
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2.  When a pure gas is suddenly brought into contact with a liquid, 
a gradient of dissolved gas, tending to uniformity, is rapidly built up 
through the film. The rates a t  which the gradients are established in 
oxygen absorption by water have been calculated for different effective 
thicknesses of the stationary film corresponding to various conditions of 
liquid agitation. In well-stirred water the gradient becomes practically 
uniform in a fraction of a second. 

3. The absorption rate after stationary gradient conditions have been 
established in the film (initial absorption rate) is the maximum at  which 
dissolved gas can reach the main body of the solution. At any time, for a 
moderately soluble gas, the rate is proportional to the fractional unsatura- 
tion of the liquid with dissolved gas. 

4. The initial absorption rates per unit area of surface and the liquid 
film diffusion coefficients have been calculated from data on gas absorp- 
tions by water and a few organic liquids for (a) stirred liquids, (b) gas 
bubbles and (c) shaken liquids. 

5. The absorption rate for liquids stirred without breaking the surface 
increases with the stirring but tends to a maximum. For oxygen absorp- 
tion by water, this maximum appears to be about the same as the rate 
from the sides of cylindrical bubbles moving rapidly through deoxygenated 
water, 11 X mole per sq. cm. per sec. a t  2 5 O .  

6. Adeney and Becker showed that air is absorbed faster, per unit 
area of surface, from the head of a cylindrical bubble than from the sides. 
It is suggested that this phenomenon is caused by film renewal a t  the 
head where the surface is continually pulled out laterally. The absorp- 
tion rate per unit area for shaken liquids can become greater than the 
maximum with stirring, due apparently to the continual spreading out 
of the surface layer. 

7. With stirring, the liquid film diffusion coefficients of water were 
less than, but of the same order as, those of organic liquids under the 
same conditions. With shaking the coefficients were practically identi- 
cal for all the liquids. The absorption rates were then simply proportional 
to  the solubilities of the gases. 

8. It is suggested that the ratio of absorption rate of a pure moderately 
soluble gas by a liquid under any one set of conditions, to the initial ab- 
sorption rate under the same conditions, affords a measure of the frac- 
tional unsaturation of the liquid with gas. If the gas reacts with the sol- 
vent itself, an inert gas of similar solubility could be used. 

9. Where the effects of foreign substances on rates of reaction in solu- 
tion are being measured by the rates of absorption or evolution of gases, 
the importance of also checking up their effects on the initial absorption 
rate of the gas is suggested. 

CAMBRIDGE, MASSACHUSETTS 



act., 1930 TIiE 1,IQUID STATIONARY FILM IN GAS ABSORPTIONS 3769 

[CONTRIBUTION FROM THE RBSEARCH LABORATORY OF ORGANIC CHEMISTRY. 
MASSACHUSETTS INSTITUTE OF TECHNOLOGY, NO. 641 

THE ROLE OF THE LIQUID STATIONARY FILM IN BATCH 
ABSORPTIONS OF GASES. 11. ABSORPTIONS INVOLVING 

IRREVERSIBLE CHEMICAL REACTIONS1 

In the preceeding communication4 it was pointed out that under fixed 
absorption conditions (agitation, temperature, gas pressure, etc.), the 
initial absorption rate is the highest a t  which a gas can pass by physical 
dissolution into the main body of a liquid. 

The present paper deals with the relationships between the absorption 
rate and other factors when the gas reacts irreversibly in the solution. 
With rapid reactions the rate of absorption can be much greater than the 
initial speed of pure physical solution. 

Let us consider the absorption of a pure gas through an unbroken sur- 
face into a well-stirred liquid, when any irreversible chemical reactions 
taking place are instantaneous compared to the rate of absorption. The 
following postulates will be made for these conditions. 

1. The effect of the gas film is negligible and the surface of the liquid 
is kept saturated with gas. 

2 .  The main body of the liquid is homogeneous right up to a sharply 
defined surface that marks the inner limit of the stationary liquid film. 

3. The specific diffusivity of each solute through the liquid stationary 
film is the same.5 

This paper contains results obtained in an investigation on the "Relative Rates 
of Reaction of the Olefins," listed as Project No. 19 of American Petroleum Institute 
Research. Financial assistance in this work has been received from a research fund of 
the American Petroleum Institute donated by Mr. John D. Rockefeller. This fund is 
being administered by the Institute with the coijperation of the Central Petroleum Com- 
mittee of the National Research Council. 

Director and Research Associate, Project No. 19. 
Junior Research Fellow, Project No. 19. 
Davis and Crandall, THIS JOURNAL, 52, 3757 (1930). 
This is the assumption originally made by Lewis and Whitman, Ind. Eng. Chem., 

16,1215 (1924), and there is indeed a surprising similarity in the values which have been 
found for the coefficients of diffusion of solutes in aqueous solution under similar condi- 
tions (see "International Critical Tables," Vol. V, pp. 63-72). On the other hand, 
Schwab and Beringer, 2. physik. Chem., 138A, 55-74 (1928), concluded that the liquid 
film diffusion coefficients for five permanent gases in water were practically the same at  
20" but changed relatively to each other as the temperature was raised. The results of 
these investigations are somewhat puzzling. Although they claim an accuracy of 10% 
for their experiments (bubble method of Adeney and Becker, Phil. Mag., 30,385 (1920)), 
yet values for the solubilities of the gases calculated from their 6ata s h u ~  :age devia- 
tions from those obtained by other investigators, as the table shows. 
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The concentration gradients which will now be examined are those ex- 
isting in the film after a uniform absorption (initial absorption rate) has 
been reached but while the concentration of the reaction products in the 
main body of the liquid is still negligible. 

Case A. The Absorption of a Pure Gas by a Liquid with which it 
Does not React Irreversibly.-This case has been considered in our 
previous communication; however, for the purpose of comparison, the 
conditions in the film are shown diagrammatically in Fig. 1, Case A. The 
sloping line denotes the gradient of decreasing concentration of the dis- 
solved gas inward from the surface. It is uniform because the same 
quantity of solute passes per second through each unit cross section of 
the film made parallel to the surface. 

(dN)/(Adt)Init. = kLCi or in general as the gas builds up in the main 
body of the solution dN/Adt = kL(Ci - CL). The same nomenclature 
is used as in the preceding article. 

Case B. The Absorption of a Pure Gas by a Solution of a Substance 
with which it Reacts Irreversibly in One Stage and Mole for Mole.- 
The position of the Zone A, Fig. 1, Case B, a t  which the reaction takes place 
will depend on the relative magnitudes of Ci and Cs, the concentrations 
of the gas a t  the interface and of the solute in the main body of the solu- 
tion, re~pectively.~ 

COMPARISON OF DATA ON SOLUBILITIES OF GASES IN WATER 

a = cc. gas (at 760 am. and 0') dissolved by 1 cc. liquid when partial pressure of gas 
is 760 mm. 

---OP - -Hz- 

20" 30' 60' 80' 20' 30' 
Schwab and Beringer 0.020 0.021 0.016 0.016 0.018 0.016 
Landolt-Bornstein-Roth "Tabellen" 0.031 0.026 0.019 0.017 0.018 0.017 
Adeney and Becker 0.029 0.025 ... ... ... ... 

-Cot--, -CoH4--- -CaH- 

20" 30° 60' 20° 30" 20' 30" 
Schwab and Beringer 0.68 0.50 0.34 0.10 0.08 0.67 0.63 
Landolt-Bornstein-Roth "Tabellen" 0.88 0.67 0.36 0.12 0.10 1.0 0.84 
Adeney and Becker . . . . . . . . . . . . . .  

Further, it would appear from their data that the initial absorption rate of oxygen 
by water a t  30" is almost twice that at  20°, whereas Adeney and Becker found it less. 
Until these discrepancies have been explained, some hesitation must be felt in accepting 
the conclusions of Schwab and Beringer that the differences in the diffusivities, calculated 
from their data, indicate the degrees of hydration of the dissolved gases. 

6 Similar diagrams of the concentration gradients of the reactants and of the 
reaction zone for the dissolution of a solid in a solution of a substance with which it reacts 
have been given by Brunner [Z. physik. Chem., 47, 67, et seq. (1904)j. The similarity 
of the liquid stationary film at  the two types of interfaces should be emphasized. 
Weber and Nillson, Id. Eng. Chem., 18, 1070 (1926). and Hatta, Tech. Refiorfs Tohilku 
Imp. Uni., 8, 1 (1928), have also given diagrams of concentration gradients in films. 
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The quantities of dissolved gas and solute diffusing to the reaction 
zone in unit time and of the reaction product diffusing away are equal 
and it is evident that 

The molar concentration of the reaction product between the suxface 
and the reaction zone is uniform and equivalent to that of the solute in 
the main body of the solution. If the solubility of the reaction product 

CASE B REACTION PRMXlCT 

z 

b W 8 '6 
B It' 

8 g 3 i  
z 
3 A 4 

G 
G 

Fig. 1. 

is low and its metastable limits are exceeded, it may precipitate as a solid 
or liquid (the case of a gas is not considered here) which tends to fall into 
the main body of the liquid or rise to the surface. In any case the presence 
of the precipitated reaction product will cut down the absorption and 
may almost stop it. 

Case C. The Absorption of a Pure Gas by a Solution of a Substance 
with which it Reacts in Two Stages in Instantaneous Ineversible Re- 
actions (Fig. 1, Case C).-As io Case E the pdmzry reaction product 
exists in uniform concentration between the first reaction zone and the 

CASE A 

6, STATIONARY LIQUID FILM 

e 
t 
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surface. The secondary reaction product diffuses in both directions 
from the second zone but never reaches the surface. 

The following factors have not been considered in these pictures: (1) 
the time required for the completion of the reactions (they are assumed 
to be instantaneous with respect to the diffusion rates); (2) the effects 
of the reaction products on the solubility of the gas; (3) the effects of the 
reaction products on the effective thickness of the stationary film and on 
the diffusivities of the solutes; (4) the heat produced in the film by the 
reactions. (It must also flow away by diffusion since i t  is assumed con- 
vection plays a minor part in the film.) 

Keeping in mind these limitations, which will be considered later, the 
main conclusions from these pictures will now be tested by experimental 
data of the authors and other investigators. 

Experimental Part.-The apparatus used was that described in the 
preceding paper in which gas absorptions can be carried out a t  constant 
volume or at constant pressures into a known area of liquid surface 
while the liquid is being stirred beneath the surface. 

General Relationship.-According to these postulates the rate of 
absorption of a pure moderately soluble gas by a concentrated solutioti 
should be largely independent of the gas pressures (since Ci is negligible 
compared to  Cs) and the experiments a t  constant volume showed this to 
be indeed the case. Even in the absorption of sulfur dioxide by 1.8 M 
potassium hydroxide, Expt. 13, Table I, the pressures decreased almost 
uniformly with time, about four-fifths as much gas being absorbed per 
second a t  one-fifth as a t  one atmosphere. It may be seen from Table 
I that under similar conditions there is a qualitative agreement between 
the ratios of the rates of absorption determined experimentally (Col. 9) 
and the ratios calculated on the simple assumption that the rate is pro- 
portional to  (C + Cs) (Col. 10). The relationship appears to  be valid 
in the absorption of carbon dioxide by water and by very dilute alkaline 
solutions (Expts. 2, 4, 5)  but falls down as the concentration of the solute 
is increased (Expts. 6, 7, 8 and Table 11). Even when the gaseous solu- 
bilities are quite different, the relationship still holds, e .  g. ,  Expts. 12, 13, 
and a remarkable agreement is found in the absorption of ethylene by 
bromine water (Expt. l l ) ,  even though the reaction is quite different. 
Detailed treatment of the absorption of ammonia by water and by hydro- 
chloric acid is given later. Nevertheless, the relationship is only qualitative 
and a more exact one must include the four neglected factors noted above. 
For this purpose the following studies of the absorption of carbon dioxide 
by water and by alkaline solutions are presented. 
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No. 

1 
2 
3 
4 

Concn., M 
0 
0.2 

.5 
1.0 
1.27 
1.5 
2.0 
2.5 
2.7 
3.0 
3.25 
3.3 
4.5 
5.9 
6.0 
6.6 
7.0 
7.5 

Ratios of absorption rates 
Experimental 

NaOH KOH 
1.0 1.0 
2.8 
5.6 7.5 
9.0 11.0 

Saturation eoncn. of NaHCOs 
10.5 
11.0 16.0 
11.5 
Saturation concn. of Na2COr 

18.0 
Saturation concn. of KHCOs 
11.0 

19.0 
Saturation conm. of KzCOS 

19.0 
5.0 

Calcd. 

(1.0) 
4.3 
8.8 

13.7 

TABLE I11 
ABSORPTION RATES OF THE OLEFINS INTO QUIESCENT AND INTO STIRRED SULFURIC ACID 

AT 25' 
Concn of (dN) Cof. X 1 0 4  

Expt. Olefin HISO&: O/o R. p. rn. (AdOInit. lo' Coj. X 1 0 4  (Dams and Schuler) 

(A) Experiments at constant volume 
E 1 Ethylene 95.8 0 6.04 1.48" 1.4 

90 6.04 1.48 1.8 ( 2 ~ ) ~  
480 6.04 1.48 

1000C 61.2 15 
E 2 Propene 80 0, 200, 

250-360 12.5 3.07 3.99 (28)b 
E 3 Isobutene 70 0 204 50.1 58.9 

120-240 317 77.5 57.8 ( 2 ~ ) ~  
E 4 Isobutene 70 0 243 59.4 

88 287 70.4 
E 5 (a) Isobutene 60 0 66.3 16.25 14.7 

(b> 120-240 53.9 13.20 9.7 ( 2 ~ ) ~  
0 63.9 15.65 

(4 120-240 55.8 13.65 
0 60.8 14.85 

(B) Experiments a t  constant pressure 
E 6 Isobutene 60 0 53.2 15.5 14.7 

220 59.2 14.5 9.7 (28)b 
E gd Isobutene 60 200 47.4 11.6 at  0%' 

200 50.2 12.3 a t  10% 
200 65.5 13.6 a t  20% 
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TABLE I11 (ConclzuZed) 
Concn. of (d lv) C O ~  x 104 

Expt. Olefin H~SOI ,  OJ, R. p. rn. (Adt)Init. lo* Cof. X 104 (Davis Ad Schuler) 

200 57.8 14.1 a t  30% 
200 57.8 14.1at400/0 
200 4 2 0  10.3at5001, 

E lod Propene 87 600 150 36.6at  0% 3 6 . 2 ( ~ ) ~  
600 122 29.8 a t  10% 
600 106 26 0 a t  20% 
600 92 22.5 a t  30% 

" Mr. H. W. Scherp, working a t  the Harvard Chemical Laboratory, obtained the 
value Cof. = 1.8 x lo-', using the very same acid and ethylene that was used in our 
experiments. He used an apparatus with a sensitive manometer filled with tetra- 
chloro-ethane (sp. gr. 1.6) and a compensator to avoid the necessity of correcting for 
changes in barometric pressure. Revolutions per minute of rotating absorption 
chamber. The surface of the liquid was drawn down in the center and thrown up on 
the sides by the rapid stirring so that its area was greatly increased. These experi- 
ments were performed In the small chamber with 1 cc. of acid, ' Quantity of isobutene 
absorbed. 1000/0 = 1 mole isobutene per 1 mole sulfuric acid. 

Hatta7 has investigated the rates of absorption of carbon dioxide by 
stirred solutions of potassium hydroxide. He concluded that the reac- 
tion to bicarbonate is slow, being negligible in the film, while the reac- 
tion to normal carbonate is instantaneous at a zone inside the film. Ac- 
cordingly the concentration gradients at the stationary state should be 
of the type shown in Case B of Fig. 1 (except that two moles of hydrox- 
ide unites with one of the dissolved gas). 

However the writers submit for consideration the following evidence 
that the reaction to bicarbonate is rapid, taking place principally in the 
film, and that the concentration gradients are of the type shown in 
Case C of Fig. 1. 

1. The initial rate of absorption of carbon dioxide by 0.1 M sodium 
carbonate is considerably higher than the initial rate of physical dissolu- 
tion into pure water (Expts. 2 and 5, Table I). Indeed it is practically 
the same as that of 0.1 M sodium hydroxide. This was proved not only 
by experiments with prepared solutions of the two but also by following 
the absorption rate at  constant pressure into 0.1 M sodium hydroxide 
until no more gas was absorbed. The rate at the stage represented by 
complete transformation to normal carbonate was almost exactly half 
the initial rate, and the total quantity absorbed corresponded to that 
necessary to form bicarbonate and physically to saturate the solution. 

2. There is strong evidence that sodium bicarbonate precipitates in 
the stationary film when carbon dioxide is absorbed by solutions of sodium 
hydroxide or sodium carbonate stronger than approximately 1.5 M. When 
carbon dioxide is brought into contact with quiescent 2.5 M sodium 

Hatta, Twk. Reports TohGfiu Imp. Univ., 8, 1 (1928). 
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hydroxide, the whole surface is soon covered with a mat of crystals. These 
cannot be the normal carbonate because sodium hydroxide of this con- 
centration will readily dissolve an equal molecular quantity of sodium 
carbonate and it is difficult to conceive how in a closed space the concen- 
tration of carbonate in the surface layer could ever exceed by very much, 
that of the hydroxide in the main body of the solution. Hence the crys- 
tals must be sodium bicarbonate. This conclusion is confirmed by the 
observation that crystals can be seen to form on the quiescent surface of 
sodium carbonate about three-quarters saturated, when allowed to stand 
in contact with carbon dioxide. 

The phenomena stood out still more clearly under the microscope at 
about fifty diameters magnification. The solution to be examined was 
placed in a small cell 12 mm. wide and 2 mm. deep made by cementing 
a glass ring upon a slide. The cell and the objective of the microscope 
were surrounded by a glass cylinder 22 mm. wide and 25 mm. deep pressed 
tightly against the slide. The carbon dioxide was introduced through 
a side tube in the cylinder so that the whole solution was covered with 
the gas a t  substantially atmospheric pressure. To facilitate observations 
some particles from a lead pencil were rubbed into the solution. As soon 
as the gas entered, the particles below the surface of the solution became 
agitated by thermal currents while those a t  the surface remained practi- 
cally stationary. Precipitation in the film showed as a cloud which some- 
times gradually and sometimes quickly (after a lapse of a few minutes) 
obscured the field of vision. The results were as follows 

Solution Observations 

0.5 M NaOH No cloud 
1.3 M NaOH Gradual dimming of field 
2.6 M NaOH Distinct cloud suddenly appearing after one to three minutes 
2 6 M KOH Field actually brightened, no cloud. Thermal currents rapid until 

alkali was neutralized by carbon dioxide 
9 M KOH Thick cloud in a little over one minute 

These results should be studied in relation to Tables I and I1 and leave 
no doubt but that actual precipitation of either primary or secondary 
reaction product occurs in the liquid stationary film a t  approximately 
the concentration of alkali a t  which i t  would be predicted from our postu- 
lates. Visual observations, especially with the aid of a microscope, can 
be of great service in studies of these reactions which take place in the film. 

The Effects of the Reaction Products on the Liquid Film Diffusion 
Coefficient.-Experiments 2 and 3, Table I, show that the absorption 
rate of carbon dioxide by 0.1 M sodium bicarbonate was 36% less than 
by pure water, although the solubility was only decreased 8%. This 
indicates that the liquid film diffusion coefficient of the 0.1 M salt solu- 
tion is only 0.7 times that for pure water. Figure 2 shows the general rela- 
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tionship (determined by separate experiments similar to 2 and '3) be- 
tween the values for kL, relative to that for pure water, and the concen- 
tration of bicarbonate. It is important, however, to note that this is 
not simply a salt effect because kL for 1 M potassium chloride was found 
to be practically identical with that for pure water. 

Using the corrected value for the film coefficient, the ratio of the ab- 
sorption rates of either 0.1 M sodium hydroxide or 0.1 M sodium carbonate 
to that of pure water should be 0.7 (0.1 + 0.030)/(0.033) = 2.8, whereas 
the values actually found were 2.5 and 2.3. In a similar way the values 
in Col. 11, Table I, and in Col. 5,  Table 11, have been calculated. 

. 1.0 r 

b 
+.' 

5 0.8 

G 
-1 

0 6 .* +J 
3 
& 

g0.4  

G 
.p 0.2 
u 

0 
0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 

Molarity of HCOB. 
Fig. 2. 

The legitimate objection will be raised that these modified values of 
k, determined for bicarbonate solutions have been applied to the calcu- 
lations in the absorption of carbon dioxide by solutions of caustic alkalies 
whereas bicarbonate exists only in the outer portion of the film. The 
writers can only suggest that the secondary product (normal carbonate) 
which exists in the inner portion may have a similar effect. At any rate, 
the agreements between the calculated and the experimental ratios is 
rather striking up to the point where the reaction product begins to precipi- 
tate. The effects of reaction products and of other substances on the 
liquid film diffusion coefficient offer a field worthy of further study. 

Ledig and WeaverS measured the rates of absorption, per unit area, 
of carbon dioxide from bubbles into water, and into solutions of sodium 
and potassium hydroxides. By an ingenious device the bubble (vol. 
0.036 cc.) was held stationary in the solution in a closed system by running 
the liquid downward a t  a rate sufficient to compensate for the tendency of 
the bubble to rise. The changes in volume were followed by the movement 
of the surface of the liquid in a capillary tube open to the atmosphere. 

8 Ledig and Weaver, THIS JOURNAL, 46, 650 (1924); Ledig, Ind. Eng. Chem., 16, 
1251 (1924). 
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They state that "the rate is not constant during the whole period of 
absorption from a bubble (at constant pressure) but follows a three-stage 
cycle. This can best be seen in the absorption curves for very dilute 
solutions (see Fig. 3 reproduced from their article) and the higher concen- 
trations undoubtedly follow the same course though this is not entirely 
evident if a curve is studied by itself. The cycle is begun by a very high 
absorption rate at the newly formed liquid-gas interface but as absorp- 
tion goes on it falls again very quickly to a rate where an equilibrium 
condition exists, the rate being controlled by the diusion of the reagent 
t o  the surface and of the reaction product away from the surface. The 
third stage in the cycle begins when the diluting gas starts to retard 
diffusion of gas to the surface. This latter state is undoubtedly affected 
by the diminished buoyancy or rate of rising as the bubble becomes smaller 
and there is a decrease in the stirring action which renews the absorbing 
liquid a t  the surface." 

" 
0 40 80 120 160 200 240 2-90 320 360 400 440 

Tuning fork intervals (single vibrations). 
Fig. %.-Effect of concentration upon rate of absorption in NaOH solutions. (After 

Ledig and Weaver.) 

Examination of the curves shows that no initial high absorption rate 
was detected in the case of absorption into pure water. This suggests 
that the high initial values clearly shown for absorption into sodium 
hydroxide solutions are caused by the hydroxide already in the freshly 
formed film. This diffuses outward to meet the carbon dioxide diffusing 
inward and the extension of the gradient of the latter into the film will 
increase, that is, the rate of gas absorption will decrease until the sodium 
hydroxide is diffusing uniformly from the main body of the solution into 
the film. The greater the initial concentration of the hydroxide in the 
film, the longer the time required to reach the conditions for constant 
absorption which might finally not appear a t  all. And this is exactly 
what the absorption curves show. 

The initial absorption rate, by pure water, of carbon dioxide from the 
bubbles of Ledig and Weaver was dn/(Adt)lnit. = 680 X 10-9. This 
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is over seventy times the value found by the writers (Table I) for water 
stirred underneath a t  400 r. p. m. Neverthelm, the ratios of the rates 
into caustic solutions to that into pure water are very much the same in 
both cases. See, for example, 2.3 potassium hydroxide 19.1, Table I, 
and 3.0 potassium hydroxide 18, Table 11. Apparently our generaliza- 
tions hold for widely different absorption conditions. 

Columns 3 and 4, Table 11, give the ratios of the absorption rates a t  
the stationary state found by Ledig and Weaver. Column 5 gives the 
ratios calculated on the assumption that they are proportional to kL (Ci + 
Cs). The results are striking. The calculated ratios for sodium hydroxide 
agree fairly well with the experimental up to the concentration where 
bicarbonate would be expected to precipitate, the experimental rates 
then remain constant up to a concentration somewhat beyond that of 
saturated sodium carbonate and finally steadily decrease. For potassium 
hydroxide the experimental and calculated ratios agree even better up 
to a point where potassium bicarbonate should precipitate, after which 
the former remain fairly constant for the range given in the table. 

Ledig and Weaver found, however, no decrease in the rate for potas- 
sium hydroxide beyond a concentration corresponding to saturation of 
normal carbonate but on the contrary a rapid rise for concentrations 
somewhere above 9 M. They state "an attempt has been made to  link 
this rapid rise of rate with the known properties of the solutions-solu- 
bility of the carbonates, viscosity of the solution and ionization of the 
hydroxide and carbonate solutions-but no quantitative relation has yet 
been found." The writers suggest that this phenomenon is caused by the 
large quantity of hydroxide brought into the 61m in the case of con- 
centrated potash, by its renewal at  the head

g 
of the bubble. It has been 

pointed out that the period of persistence of the high preliminary rate 
increased with the concentration of the hydroxide. The quantity initially 
in the film for 0.1 M hydroxide was calculated to be about 1 X lo-' 
snole. This is negligible compared to the amount of gas in the bubble, 
1.3 X mole, but the quantity for 6 M hydroxide, 0.6 X 10" mole, 
must play an important part in the absorption when the film is being 
renewed a t  the head. The conclusion is confirmed by the fact that in 
our experiments where the liquid was stirred without renewing the film, 12 
M potassium hydroxide actually absorbed at a slower rate than 2.3 M 
solution. 

Temperature Changes in the Film.-Adeney and Beckerlo found 
that the rate of oxygen absorption by water decreased slightly over the 
range 2.5 to 35.1'. The film coe8Cicient increased almost 100y0 but was 
compensated for by a corresponding decrease in gaseous solubility. 

For a discussion of the renewal at the head see Davis and Crsndall, Ref. 4. 
lo Adeney and Becker, Phil. Mag., 39,391-402 (1920). 
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Nevertheless, these same investigators" have shown that oxygen is 
absorbed by water considerably faster from dry air than from air saturated 
with water vapor and have attributed this in part to local cooling of the 
surface layer by evaporation into the dry air. This indicates that con- 
siderable local temperature changes in the film may take place even for 
simple physical absorption of gases. 

All the heat produced in the film by chemical reactions must flow away 
by diffusion to the surface or to the inner boundary, if convection plays 
only a minor part, so that the temperatures in the film will always be 
higher than in the main body of the solution. The writers found the rate 
of carbon dioxide absorption by unstirred 12 M potassium hydroxide 
to  be three times that into the solution stirred a t  400 r. p. m. Evidently 
a great rise in temperature takes place in the film of the liquid a t  rest 
and the absorption rate is high because of the increased solubilities of the 
reaction products and the increased film diffusion coefficient. Stirring 
helps to dissipate the heat into the main body of the liquid. 

The Relative Rates of Carbon Dioxide Absorption by Solutions of 
Sodium Hydroxide and of Potassium Hydroxide.-The assumption 
of equal diffusivities for all solutes in the film appears to be only an 
approximation. Ledig and Weaver state that "potassium hydroxide solu- 
tions absorb carbon dioxide more than twice as fast as sodium hydroxide 
solutions a t  the lower concentrations." However, they compared the 
averages of the rates over the whole period of the absorption, including 
the high initial speeds. The ratio of the rates a t  the steady state (when 

- uniform concentration gradients had been established) was about 1.5. 
This accords with the fact that the specific diffusivity of potassium hy- 
droxide in dilute solutions is about 1.5 times that of sodium hydroxide. 
It seems clear that the differences in the absorption rates of carbon dioxide 
by the two is related to diffusivities and not to actual differences in the 
reaction rates as assumed by Hatta,12 

The Experiments of Whitman and D. S. Davis.13-These investigators 
determined the rates of absorption where a gas was passed over 4 liters 
of liquid with 405 sq. cm. of surface exposed. Both gas and liquid were 
stirred by separate blades at  60 r. p. m. The following table has been 
prepared from their data. 

Oxygen was absorbed so slowly that the over-all liquid film diffusion 
coefficient for this case was assumed to be identical with the true liquid 
film diffusion coefficient. However, in the fast ammonia absorption the 
surface could not become saturated because of the resistance of the gas 
film through which a considerable gradient had to be established in order: 

Adeney and Becker, Phil. Mag., 42, 92-93 (1921). 
l2 Hatta, C. A. ,  24, 763 (1930). 
la Whitman and D. S. Davis, Id. Elag. Chem., 16, 1233 (1924), 
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TABLE I V  
DATA OF WHITMAN AND DAVIS 

Average partial 
pressure of 

solute in air ($4- 
Solute mixture, mm. Liquid (Adl)Init. K L  (Over-all) 

Oxygen 746 Water 0 87 X 10- 0.92 X 10-6 
Ammonia 2.3 Water 580 X 0.29 x 10-6 
Ammonia 19.09 2.3NHC1 1100 X10-Q . . . . .  ... 

to convey the ammonia to the liquid surface at such a rapid rate. It 
will be assumed here that the fractional saturation of the surface layer 
is shown by the ratio of the over-all coefficient to the true coefficient 
0.29/0.92 = 0.31 (which is true if the gas follows Henry's law). Water 
a t  30° saturated with ammonia a t  21.3 mm. is about 2 M,14 SO that  the 
surface concentration for the absorptions into water was 0.62 M.16 Whit- 
man and Davis assumed that during the absorption into 2.3 N hydro- 
chloric acid the concentration of the ammonia in the surface layer was 
negligible. These values were used in calculating the ratios given in Table 
111 (1 to 2.0 experimental and 1 to 3.7 calculated, the divergence may be 
due to changes in kL). 

Absorptions of Gaseous Olefins by Sulfuric Acid.-In a former 
communi~ation~~ i t  was pointed out that the values of the absorption 
coefficient in a rotating chamber were characteristic for the separate 
olefins. It will be noted that values obtained in the new apparatus agree 
very well with the former ones (see Cols. 6 and 7, Table 111). The ab- 
sorption rates are expressed both as Cof. and as dN/AdT to  facilitate com- 
parisons of the latter values with the former. This agreement holds 
even where the ratio of liquid surface to liquid volume is changed over 
a large range (from 12.2 rotating and 2.45 sq. cm./cc. a t  rest in the former 
to 0.57 sq. crn./cc. in the new apparatus). As has been shown in that 
communication, the absorption coefficient Cof. calculated from the 
constant volume experiments should equal the rate a t  which the olefin 
would be absorbed a t  constant pressure, the gas being measured a t  that 
pressure. It will be noted that the initial rates of absorption a t  constant 
pressure agree well with the values of Cof. calculated from the constant 
volume experiments. 

In  the experiments with ethylene and propene using concentrated sul- 
furic acid, the absorption rate per unit area was not affected by stirring.17 

l4 Haslam, Hershey and Keen, Ind. Eng. Cham., 16, 1224 (1924). 
15 Whether or not the gas film is controlling in the absorption of a very soluble gas 

such as ammonia in water can be conveniently tested by measurements of the absorption 
under similar conditions by a solution (e .  g., hydrochloric acid), with which the dissolved 
gas reacts instantaneously.ls 

l6 Davis and Schuler, THIS JOURNAL, 52, 721 (1930). Cof. instead of C is used in 
the present paper for The Coefficient, because here C denotes concentration. 

l7 The statement of Damiens, Comfit. r e d . ,  175, 585 (1922). that stirring a t  200 
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However, in the absorption of isobutene into 70% acid the rate of absorp- 
tion was greater into the stirred acid than into acid at rest but within 
the range investigated was independent of the rate of stirring. Further, 
the rate a t  rest was irregular, falling off quite rapidly toward the end. 
In this experiment a layer of polymer insoluble in the acid was found on 
top of the acid at the end. For isobutene and 60% acid the absorption 
rate was less when the acid was stirred but independent of the rate of 
stirring (within the range investigated). The absorption curves for this 
experiment (Fig. 4, Nos. E5A and E5B) merit careful study. That of 
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Fig. 4. 

5A (r. p. m. = 0) starts a t  a faster rate than that of 5B (r. p. m. = 
240). When the stirring conditions were reversed the two curves cross. 
Finally, a t  the end for the same stirring conditions (r. p. m. = 0) the 
curves are parallel. All the reaction products in this case were soluble 
r. p. m. increases the absorption rate of ethylene by concentrated sulfuric acid 20-27 
times has been frequently misinterpreted. Unfortunately the full experimental details 
are not given. He found the absorption rate to be proportional to the partial pressure 
of the gas and to the surface of contact. 

The writers suggest that a method for determining the effective area of a liquid 
when stirred or shaken can be based on these facts. The over-all absorption rate of 
ethylene by concd. sulfuric acid under the same conditions of agitation should be di- 
vided by its absorption rate per unit area into the acid a t  rest. 
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in the acid. Further, tert.-butyl alcohol was salted out when the acid 
was neuffalized in the cold with sodium hydroxide. The rate of absorp- 
tion of isobutene a t  constant pressure by 60% acid increased as more 
olefin was absorbed up to 0.4 mole of isobutene per mole of acid and 
then fell off. However, in the absorption of propene by 87% acid the 
rate steadily decreased from the first. 

It has been shown16 that the physical solubilities of the olefinic gases 
in sulfuric acid are very low, and yet enormous rates of absorption are 
observed in some cases. It is inconceivable that under these conditions 
the dissolved olefin could penetrate to and react in the main body of the 
liquid. The entire reaction must take place either at  the surface or in 
the stationary film. In the latter case it can only penetrate a short dis- 
tance because the concentration gradients from the surface must be very 
steep. For instance, 500 X 10-4 cc. of propene was absorbed per sec. 
per sq. cm. by 97% sulfuric acid and a uniform gradient carrying oxygen 
under atmospheric pressure into water at  that rate could only extend 
in from the surface about 0.00001 cm. 

The conclusion that the olefin never reached the main body of the 
liquid in our experiments is confirmed by the facts that the absorption 
rates were in the majority of cases unaffected by stirring underneath 
the surface or by changing the acid volume.18 

The conclusion that the reaction does take place inside the film rather 
than at the interface is confirmed by the experiments with isobutene. 
As pointed out above, the absorption rate of isobutene into an excess of 
60% sulfuric acid a t  rest rises slightly as the absorption proceeds. The 
rate is brought back to normal if the solution is stirred. At constant 
pressure, with stirring, the rate per unit area increases slowly to a total 
absorption of 0.4 mole per mole of sulfuric acid and then slowly decreases. 
When isobutene is absorbed by acid of this concentration, tert.-butyl 
alcohol is formed directlyl%nd is only slowly polymerized a t  25O. The 
sulfuric acid functions as a catalyst for the union of water with the olefin. 
The intermediate sulfate has never been isolated. I t  seems reasonable 
to attribute the "abnormal" effects just cited to the tert.-butyl alcohol. 
This accumulates in the film of the unstirred liquid until its rate of diffu- 
sion into the main body of the acid equals the rate of formation. Its 
presence increases the solubility of the isobutene and hence the absorp- 
tion rate is higher. This illustrates again how much the presence of re- 
action products may affect an absorption rate. I t  has actually given 
rise to a maximum in the rate of absorption in this case. 

l8 Plant and Sidgwick, J. Soc. Chem. Ind., 40,14-18T (1921). absorbed ethylene into . 
concentrated sulfuric acid by bubbling the gas through theliquid. Their assumption that 
"the liquid phase must be regarded as saturated with ethylene" appears to be unjustified. 

l9 Michael, Am. Chem. J.. 38,267-279 (1912). 
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On the other hand, the absorption of propene a t  constant pressure into 
stirred 87% acid decreases continuously with the quantity taken In. Here 
isopropyl sulfate is formed, which decreases the concentration of the acid. 
The separate olefins are absorbed a t  widely different rates by the same 
concentration of acid. It is concluded that the reaction rates of the dis- 
solved olefins are different. However, the absorption rates cannot be 
directly proportional to the reaction rates. For, consider the case of 
two olefins of equal solubility but with reaction rates in the ratio 1: 2; 
evidently, a t  any time, there is more of the slower reacting one in the 
solution, so that the quantity which reacts in unit time, and therefore 
its absorption rate, is more than half that of the other. The slower re- 
acting one has an unfair advantage. 

Summary 

1. The two-film theory of gas absorption proposed by Lewis and Whit- 
man has been extended to cases where rapid chemical reactions take place 
in the solution. 

2. The reactions between the dissolved gas and a solute, for the cases 
studied, appear to occur inside the liquid. If the reaction rates are very 
fast compared to the rates of diffusion through the liquid film, then the 
reactions take place a t  zones in this film parallel to the liquid surface. 

3. Diagrams are given of the concentration gradients in the film at  
the initial state of uniform gas absorption for instantaneous reactions 
taking place in one stage and in two. The primary reaction product 
exists between the surface and the first reaction zone, in concentration 
equal t o  that of the solute in the main body of the solution. If the metasta- 
ble limit of its solubility is exceeded, i t  will precipitate. 

4. A general equation is proposed for calculating the rate of absorp- 
tion of a pure gas by a liquid (physical solution, or when reacting instan- 
taneously with a solute) from its solubility, the concentration of the solute 
and the liquid film diffusion coefficient. The validity of this relationship 
is supported by calculations from gas absorption rate data of the authors 
and of other investigators for gases of widely different solubilities and for 
reactions of very different types. 

5. A study is given of the rates of absorption of carbon dioxide by water 
and by solutions of sodium and potassium hydroxides. Conditions are 
described under which the precipitation in the film of a reaction product, 
sodium bicarbonate, can be seen during the absorption. Explanations 
are offered for the various phenomena observed by Ledig and Weaver 
regarding the absorption of carbon dioxide from minute bubbles by alkalies. 

6. A study has been made of the effects of the reaction products on 
the magnitude of the liquid film diffusion coefficient. Some observations 
are given on the effects of the heat produced by reactions in the film. 
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7. The absorption rates of several olefin gases by sulfuric acid both 
at rest and stirred beneath its surface have been measured. The values 
for the absorption coefficients agree well with those obtained in a previous 
investigation using a rotating absorbing chamber. 

8. The reactions between the olefins and sulfuric acid take place mainly 
in the liquid stationary film itself. This is indicated (a) by the enormous 
rates of absorption obtained in some cases, although the physical solu- 
bilities of the gases in the acid appear to be very low and (b) by the fact 
that stirring the acid underneath the surface or changing its volume, 
in most cases, did not change the absorption rate. The reaction rates 
of the dissolved olefins are quite fast and are not proportional to the ab- 
sorption rates as is often assumed. 

9. The fact that isobutene is absorbed by 60% sulfuric acid faster 
when the acid is at  rest than when it is stirred is attributed to a greater 
accumulation of the reaction product, tert.-butyl alcohol, in the liquid 
stationary film of the quiescent acid. 

10. I t  is suggested that the over-all rate of absorption of ethylene 
by concentrated sulfuric acid (the rate per unit area being independent 
of the agitation) may be used to determine the area of the surface of a 
liquid when stirred or shaken in an apparatus. 

CAMBRIDGE, MASSACHUSETTS 

[COMMUNICATION NO. 29 PROM THE EXPERIMENTAL STATION, a. I. DU PONT 
DR NEMOURS AND COMPANY, WILMINGTON, DELAWARE] 

STUDIES IN GASEOUS OXIDATIONS. I. THE HOMOGENEOUS 
UNCATALYZED REACTION BETWEEN OXYGEN AND 

ACETYLENE 

The problem of the oxidation of hydrocarbons has been of great scientific 
and technical interest for many years. The present work was undertaken 
to study in detail the features of a simple hydrocarbon oxidation in the hope 
that it would contribute to the general knowledge of the mechanism of 
gaseous oxidations. Acetylene was chosen because it reacts with oxygen a t  
lower temperatures than other hydrocarbons; this made i t  possible to 
isolate intermediate reaction products. 

A systematic study of the slow reaction of simple hydrocarbons was 
initiated by Bone1 about thirty years ago. More recently Pease2 and also 

Bone and Townend, "Flame and Combustion in Gases," Longmans, Green and 
Co., London, 1927. 

Pease and Chesbro, Proc. Nut. Acad. Sci., 14, 472 (1928). 
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Pope, Dykstra and Edgar3 and Thompson and Hinshelwood4 have de- 
scribed experiments dealing with the slow thermal oxidations of the hydro- 
carbons by oxygen. Pease in particular has demonstrated that these re- 
actions can occur in the gas phase exclusively and are inhibited by glass sur- 
f a c e ~ , ~  a characteristic of chain reactions. 

Bone and Andrew6 studied the combustion of acetylene in sealed bulbs 
between 200 and 350'. They concluded that an excess of oxygen over and 
above an equimolecular proportion always retards the oxidation, and 
postulated the presence of an unstable product CtH202(HOC=COH), 
which decomposed directly to carbon monoxide and formaldehyde. Re- 
cently Briner and Wunenburger,' in studying the reaction between acetylene 
and ozone at  low temperatures, found the liquid products of reaction to 
be mainly glyoxal, CHO-CHO. 

Experimental Results 
The oxidation of acetylene was studied by the flow method a t  atmospheric pressure. 

Acetylene and oxygen at  a regulated rate of flow passed through separate purifying 
trains and were mixed at  the entering point of the reaction vesse!. Both gases were 
taken from commercial cylinders. Oxygen was freed from water vapor by passing it 
through two wash-bottles filled with concentrated sulfuric acid. Acetylene (Prest-0- 
Lite) was passed through two spiral wash-bottles containing water to remove acetone 
vapor and was dried over calcium chloride. The pyrex cylindrical reaction vessel, 
22 mm. in diameter, was heated in a large electric tube-furnace. Temperatures were 
read by means of a chromel-alumel thermo~onple enclosed in a thin-walled glass tube 
placed in the center of the reaction vessel. 

The gases, after passing through a trap cooled in solid carbon dioxide, were led 
through a spiral wash-bottle containing a standardized barium hydroxide solution to 
absorb carbon dioxide quantitatively, and were collected in a water gasometer. The gas 
was transferred to a 500-c~. Hempel pipet containing alkaline pyrogallol solution and 
shaken until all oxygen was consumed; it was then transferred to a bromine water 
pipet, and acetylene was removed by shaking; bromine vapor was removed from the 
residual gas by shaking with potassium iodide solution in a small Hempel pipet. The 
gas was then analyzed for carbon monoxide and hydrogen in a Burrel gas analysis appa- 
ratuss after checking for absence of oxygen and acetylene. Gases originally containing 
less than ly0 of carbon monoxide could be analyzed satisfactorily. Carbon dioxide 
was determined by titrating the barium hydroxide solution with hydrochloric acid. 
The condensable reaction products were determined by oxidation with standardized 
potassium dichromate solution in concentrated sulfuric acid and iodimetric titration 
of the excess potassium dichromate. The potassium dichromate solution was added 
from a buret to the trap while still cold so that even volatile products (formaldehyde) 
were included in the analysis. The condensable products were mainly formic acid and 

a Pope, Dykstra and Edgar, THIS JOURNAL, 51,2203,2213 (1929). 
Thompson and Hinshelwood, Proc. Roy. Soc. (London), 125A, 277 (1929). 
Semenoff, Z. Physik, 46, 109 (1927). 

6 Bone and Andrew, J. Chem. SOG., 87, 1232 (1905). 
Briner and Wunenburger, Helv. Chim. Acta, 12, 786 (1929). 

8 Bureau of Mines Bulletin No. 197, 1926; Bureau of Mines Technical Paper, No. 
320, 1925. 
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fermaldehyde. Checks with standardized formic acid solution showed that two equiva- 
lents of iodine are consumed in the oxidation of formic acid by potassium dichromate, 
the reaction being 

HCOOH + '/zOt - COa + H2O 
Oxidation of formaldehyde requires very nearly four (3.6) equivalents of iodine, the 
principal reaction being 

CHzO + 0 2  = C01 $ Hz0 
although the other reaction 

CH2O + ljzO2 = CO $ Hz0 
takes place to some extent. 

A standard gas mixture containing equal volumes of acetylene and oxygen was used. 
The rate of flow of each gas was 0.1 cc./second, corresponding to an average contact 
time of 200 seconds for a 78-cc. vessel at an average temperature of 290'. Three hun- 
dred and sixty cubic centimeters of acetylene-oxygen mixture was used. Table I 
presents the results of these experiments. The amounts of formic acid and formalde- 
hyde given in the last column have been calculated on the assumption that no other 
condensable products were present, and that these two substances were present in the 
ratio 6 : 1. Justification for this assumption will be given below in the discussion of the 
condensable products. Prom Table I it will be seen that the main products of acetylene 
oxidation are carbon monoxide and the "condensable matter." Carbon dioxide is also 
formed in considerable quantities whereas hydrogen, although present, plays a much 
less important role. 

TABLE I 
EPPECT OF TEMPERATURE ON REACTION OP OXYGEN WITH ACETYLENE 

Average time of contact, 200 seconds 
Moles passed X 103 Moles formed X 10J 

Temp., OC. CzHn 0, CO COa Hz HCOOH + HCHO 

253 8.9 8.9 0.109 0.069 0.009 0.07 
255 8.9 8.9 .074 ,005 .022 .14 
256 8.9 8.9 .021 .I8 
256 8.9 8.9 .I26 .032 .07 

Av. 255 8 .9  8.9 .I05 .032 .015 .ll 
Percentage of total carbon passed .49 .18 .63 

277 8.9 8.9 .25 .090 .043 .23 
277 8.9 8.9 .43 .096 .057 .25 
277 8.9 8.9 .29 .069 .039 .30 
277 8.9 8.9 .25 .080 .035 .29 

Av. 277 8.9 8.9 .30 .084 .043 .26 
Percentage of total carbon passed 1.71 .43 1.50 

296 8.9 8.9 0.99 .33 .087 
296 8.9 8.9 1.30 .38 .I30 0.99 
297 8.9 8.9 .39 .91 
298 8.9 8.9 .40 .67 

Av. 297 8.9 8.9 1.14 .37 .lo8 .84 
Percentage of total carbon passed 6.4 2.1 4.7 

315 8.9 8.9 2.67 0 8 0  .IS 1.59 
315 8.9 8.9 2.86 .70 .26 1.10 
316 8.9 8.9 2.90 .77 .26 1.62 
318 8.9 8.9 3.17 .91 .33 1.70 

Av. 316 8.9 8.9 2.90 .80 .26 1.50 
Percentage of total carbon passed 16.3 4.5 8.4 
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The composition of the condensable products, which in the above experiments were 
measured only by the amount of potassium dichromate consumed, was determined with 
a sample obtained by carrying out the reaction for twelve hours at  310-315O. One and 
six-tenths grams of condensed products was collected in the cooled trap and diluted 
with two cc. of water. 

The resulting solution was opaque, and a small quantity of a resinous substance 
collected a t  the surface on standing. Small samples were withdrawn from the solution 
and analyzed. The condensate gave a positive test for formic acid, using the mercuric 
oxide test? Titration of two samples with barium hydroxide indicated 56.1 and 53.3% 
of formic acid. Oxalic acid was not present, for no precipitate of barium oxalate was 
formed. Formaldehyde was determined by two methods: the potassium cyanide re- 
action,lO which yielded in three determinations 4.7, 4.7 (small samples) and 5.470 (large 
sample) by weight, and the iodimetric method,1° which yielded in three determinations 
9.2, 8.3 and 8.9% by weight. These determinations accounted for about 65% by weight 
of the condensate. The chemical nature of the remainder was established by titrating 
another sample with standard potassium dichromate solution. If it is assumed that 
formic acid and formaldehyde were present in the ratio 55:9, the oxidation analysis 
gave their total amount as 71.770 of the condensate. The remaining 28.3Y0 was non- 
oxidizable and was undoubtedly water. 

The discrepancy between 64% obtained by acid and aldehyde determinations and 
72'j0 calculated from oxidation analyses we suspected was fictitious, and was due to the 
assumption that formaldehyde was the only aldehyde present. Condensate was col- 
lected for thirty hours to obtain material to test this point. This was added to a solution 
of 5 g. of p-nitrophenylhydrazine in 50% acetic acid solution and allowed to stand for 
thirty-six hours. The brick red precipitate was filtered off, neutralized with warm 10% 
sodium carbonate solution, washed with hot distilled water and dried. The precipitate 
was extracted with hot benzene to dissolve the nitrophenylhydrazone of formaldehyde." 
The residue was recrystallized from hot pyridine, yielding brick red needles melting 
over the range 250-270'. As the di-fi-nitrophenylhydrazone of glyoxal is the only 
probable $-nitro or di-p-nitrophenylhydrazone having a higher melting point than that 
of the formaldehyde compound (185O), it seemed clear that we were dealing with the 
glyoxal derivative. The di-p-nitrophenylhydrazone of glyoxal was prepared from gly- 
oxal sodium bisulfite compound and on recrystallization gave a melting point of 305". 
When the pure di-p-nitrophenylhydrazone of glyoxal was mixed with the derivative 
from the condensate (m. p. 250-27O0), the mixture did not melt at  27S0, but decompo- 
sition took place. The di-P-nitrophenylhydrazone of glyoxal derived from the con- 
derlsate gave the characteristic Bamberger test12 of a deep blue color with alcoholic 
potassium hydroxide. The characteristic color of the derivative from the condensate, 
the high melting point as well as the mixed melting point, and finally thecolor test shows 
that glyoxal was present in appreciable quantities in the condensate. 

To complete the analysis of the condensable products, the water-insoluble resinous 
substance (3.78 mg.) was subjected to microcombustion after i t  had been dried for 
twenty-four hours by exposure to the atmosphere. This yielded 52.71% carbon, 
8.65y0 hydrogen and 1.77% ash, the rest being undoubtedly oxygen. Such a compo- 

Mullikcn, "Identification of Pure Organic Compounds," John Wiley and Sons, 
Inc., New York, 1905, Vol. I, p. 83. 

' 0  Allen, "Commercial Organic Analysis," 5th ed., P. Blakiston's Son Co., Phila- 
delphia, 1927, Vol. I, p. 329. 

11 Rosenthaler, "Der Nachweis organischer Verbindungen," Verlag Ferdinand 
Enke, Stuttgart, 1923,2d ed., p. 125. 

1' Bamberger, Ber., 32,1806 (1899). 
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sition does not correspond to any single substance probable under the circumstances 
and it must be assumed that a mixture was present. If one attributes all of the oxygen 
to water present in the analyzed sample (41.5% by weight), the composition is 1.0 
carbon:0.92 hydrogen, approximating the composition of acetylene. The behavior of 
the sample is further support for this assumption of water in the resinous matter, for i t  
appeared to dry or harden on standing. 

The effect of the time of contact on the speed of reaction and its course 
was studied by increasing the rate of flow. Results of these measurements 
made at two temperatures are presented in Tables I1 and 111. In the 
experiments given in Table 111, the condensate was weighed and the acid 
content determined by titration with barium hydroxide. The results of 
this determination are given in the last column together with the percentage 
weight of formic acid in the condensate. The experiments summarized in 
Table I1 show that the yields of all products decrease with the time of 
contact. This phenomenon finds an adequate explanation only in the 
assumption that the reaction exhibits an induction period. A more 
detailed consideration of Table I1 shows that the yields of various reaction 
products are not affected in the same way. The amount of carbon dioxide 
decreases most rapidly, then the carbon monoxide, while hydrogen and 
particularly the condensable substances diminish only very slightly in 
quantity. There appear to be two explanations of this specific influence of 

TABZE I1 
EFFECT 01" TIME OF CONTACT ON REACTION OF OXYGEN WITH ACETYLENE 

-Moles formed X lO3--- Av. time 
Temp., Moles passed X 103 HCOOH + HCOOH of contact, 

OC. CaHz On CO COa Ha HCHO alone see. 

278 8.9 8.9 038 010 0.065 044 200 
278 8.9 8.9 0 57 075 ,082 0.57 

yo of total carbon passed 2 67 49 2 8 

278 17.8 17.8 0.13 .037 035 0.44 100 
278 17.8 17.8 22 ,048 078 0 51 

OJo of total carbon passed 49 .12 1 33 

278 356 35.6 .16 0 052 0.35 50 
278 35.6 35.6 .12 .016 ,013 033 

yo of total carbon passed 20 .01 0 48 

310 8.9 8.9 2.54 .54 .29 1.18 200 
310 8.9 8.9 2.90 61 .30 . 0 88 

(50.3%) 
% of total carbon passed 15.3 3 0 6 7 4 9 

310 17 8 17.8 3.07 0.59 .29 1.72 100 
311 17.8 17.8 4.78 066 .40 1 09 

(52.4%) 
yo of total carbon passed 11 .O 1.81 4 8 3.1 

310 35.6 35.6 1.24 0.33 .18 1.89 50 
313 35.6 35.6 1.62 .45 .21 0.95 

(46%) 
% of total carbon passed 201 .55 265 1.33 
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the time of contact: either the induction period is different for different 
products, or the analyzed reaction products are not all due to the primary 
reaction. If this latter assumption is accepted, one can deduce further 
that the condensable substances, and possibly hydrogen, are the first prod- 
ucts of the oxidation (or decomposition) of acetylene, while carbon mon- 
oxide and dioxide result from secondary decompositions or oxidation of 
these products. Although on first glance the results at  310°, Table 11, 
seem to differ greatly from those at  278O, in reality they agree quite well. 
At 310°, 30% of the acetylene reacts during the longest contact time, and 
since the reaction velocity depends strongly on the acetylene concentration 
(see below), the velocity must decrease during the reaction period owing to 
consumption of acetylene in the reaction. On further decrease of contact 
time to fifty seconds the influence of the induction period overweighs that 
of the consumption of acetylene, and a general decrease in the reaction 
velocity is observed. The data in Table I1 show that the yields of carbon 
monoxide and dioxide decrease more rapidly with the contact time than 
do the other reaction products; in fact, the yield,of condensable substances 
even increases slightly. 

A decrease in the contact time has little effect on the absolute amount 
and the weight concentration of formic acid. The increase in the total 
amount of oxidizable matter in the condensate shows that with decreasing 
contact time the amount of water present must decrease, whereas the alde- 
hyde fraction must increase. Indeed, the iodine determination of alde- 
hydes carried out on a gample obtained with fifty seconds' contact time 
yielded 30% of aldehydes in the condensate as compared with 9% obtained 
with 200 seconds' contact time. 

The influence of gas composition on the reaction velocity was established 
by runs made with gases composed of 75% acetylene, 25% oxygen and 
25% acetylene, 75% oxygen. These runs, which are presented in Table 
111, show that the reaction velocity falls off very rapidly with decreasing 
acetylene-oxygen ratio. The variation in reproducibility of the experi- 
ments makes uncertain any conclusions as to whether all reaction products 
decrease in this same ratio or not. The average decrease of two main 
products, carbon monoxide and the condensable matter, is about ten-fold 
for a change of composition from 75 acetylene-25 oxygen to 25 acetylene-75 
oxygen, or a three-fold change of each of the reactants. This makes it 
probable either that the reaction velocity is proportional to the square of 
acetylene concentration, or that it is proportional to its first power and is 
retarded by oxygen. Runs were made with a gas mixture containing 25% 
acetylene and 75% oxygen in one case and 75% of air in the other case to 
decide between these two possibilities. These runs are presented in Table 
111, Series B, which shows that notwithstanding a five-fold change in 
oxygen concentration, the reaction velocity is not greatly changed. As a 
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slight increase in the reaction velocity in the mixture containing air can be 
observed, it appears probable that oxygen has only a slight retarding in- 
fluence. Accordingly, to account for the results given in Table 111, one 
must assume that the reaction velocity is proportional to the square of the 
acetylene concentration and is very slightly retarded by oxygen. 

TABLE I11 
EFFSCT OF CONCENTRATION OF REACTANTS ON REACTION OF OXYGEN WITH ACETYLENE 

Average time of contact, 200 seconds 
Temp., -Moles passed X 108- ,- Ivfoles formed X 103 

Series OC. CtHa 0% Ns CO CO: Ha HCOOH + HCHO 

A 278 13.35 4.45 . . . 1.34 0.233 0.14 1 .I00 
279 13.35 4.45 . . . 1.16 -244 .13 1 .I70 
277 4.45 13.35 . . . 0.12 .042 .02 0.095 
278 4.45 13.35 ... .07 ,030 .02 . I 57 

B 296 4.45 1335  ... .39 .I38 .04 .433 
296 4.45 2.67 1.068 .60 .I12 .03 .455 

To study the influence of the walls of the reaction vessel on the reaction 
velocity, a pyrex tube was filled with broken pyrex glass of a size between 
6- and 14-mesh. The surface in this vessel was increased many-fold and 
the average diameter of the free spaces was reduced from 20 mm. in the 
open vessel to 1 mm. or less. Considerable difficulty was experienced a t  
the beginning of these experiments from an inconstancy of the reaction 
velocity. Table IV presents two consecutive series of experiments and 
shows that a prolonged exposure of the vessel to the acetylene-oxygen 
mixture results in a decreasing reaction rate. An attempt to produce more 
constant conditions was made by treating the packed vessel with a normal 
solution of sodium chloride, washing once with distilled water, and drying. 
Pease2 has observed in oxidation of other hydrocarbons using potassium 
chloride on glass that the salt treatment of the glass surface brought about 
a marked decrease in reaction velocity. Our treatment with sodium chlo- 
ride did not have such an effect. The reaction velocity was speeded up 
slightly and was more reproducible. The absence of a lasting effect of 
sodium chloride is not astonishing because the glass surface in both the 
treated and untreated vessels became coated with a thin deposit of carbon, 
which was in contact with the acetylene-oxygen mixture. Table V pre- 
sents the data obtained with the coated vessel and an equimolal mixture of 
acetylene and oxygen. The remarkable feature of the experiments is that 
they indicate a reaction velocity in the packed vessel many-fold slower than 
in the empty one. Thus at 315' some 30% of acetylene reacted in the empty 
vessel, whereas in the packed tube the reaction amounted to only 3 to 4%. 
At the same time the course of reaction is profoundly changed; the main 
products are now carbon dioxide and water. Increase in the amount of 
water in the reaction products was established by weighing the cooled 
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trap before and after several runs. The change in the course of the reaction 
is manifest also from experiments on the influence of the time of contact 
and of the composition of the gas mixture on the reaction velocity. These 
data are presented in Table VI, Series A and B. 

It is apparent from these experiments that the induction period charac- 
terizing the reaction in the unpacked vessel has disappeared. The velocity 
of reaction is now approximately independent of the time of contact and no 
distinct difference can be observed in the behavior of the various products 
of reaction. Accordingly there are no grounds to assume now that carbon 
monoxide and carbon dioxide are products of secondary reactions, as there 
were in the case of the unpacked vessel where the primary reaction led to 
the formation of "condensable substances." Series B, Table VI, shows 
the influence of the composition of the gas mixture on the reaction velocity. 
Variations in the compositions of the gas mixture leave the reaction velocity 
almost unchanged. Mixtures rich in acetylene show a somewhat higher 

TABLE IV 
DATA ON REACTION OF OXYGEN WITH ACETYLENE IN VESSEL OF 24-MM. INTERNAL 

DIAMETER PACKED WITH PYREX GLASS, 6- TO 14-MESH 
Average time of contact, 200 seconds 

Temp., Moles passed X 103 -------- Moles formed X 10J-------. 
O C .  CzHa 0 2  CO COe Hz HCOOH f HCHO 

TABLE V 
DATA ON REACTION OF OXYGEN WITH ACETYLENE IN VESSEL OF 24-Mad. INTERNAL 
DIAMETER, PACKED WITH PYREX GLASS, 6- TO  MESH, AND TREATED WITH 1 NORMAL 

SODIUM CHLORIDE SOLUTION 

Average time of contact, 200 seconds 
Temp., Moles passed X 103 Moles formed X 1O3---- 

OC. CzH; On CO COa Hz HCOOH + HCHO 

256 8 9 8.9 0.04 0.02 0 0 2  0.01 
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TABLE VI 
EPFECT OF CONCENTRATION OF REACTANTS AND OF TIME OF CONTACT ON REACTION OF 
OXYGEN WITH AC&TYI,ENB IN A CYLINDRICAL VESSEL OF 22-MM. INTERNAL DIAMBTRR 
PACKED WITH PYREX GLASS, 6- TO  MESH, AND TREATED WITH 1 NORMAL SODIUM 

CHLORIDE SOLUTION 
-----Moles formed X 103-- Av. time of 

Temp., Moles passed X lo3 HCOOH + contact, 
Series "C. CzHz 0 2  Nz CO C0z Ha HCHO sec. 

A 317 8 . 9  8 .9  . . 0 260 0 76 0.026 0.135 200 
316 8 .9  8 .9  . . ,220 .56 .022 ,063 
316 17.8 17.8 .. ,210 .62 .035 .I40 100 
316 35.6 35.6 . .  .305 .55 .052 .067 50 

B 316 8.9 26.7 . . ,148 .48 .017 .063 100 
316 8 .9  26 7 . . ,218 5 4  .O .036 
316 26.7 8 .9  . . .235 .54 .035 .I66 100 

C 316 8 .9  5 . 3  21.4 .. .14 .. .018 100 

rate, but the increase is much less than the ten-fold change observed in the 
unpacked vessel. This means that the reaction velocity is no longer pro- 
portional to the square of the acetylene concentration. The experiment of 
Series C, Table VI, in which a part of the oxygen was replaced by nitrogen, 
shows further that the rate, instead of being weakly inhibited by oxygen, 
now is more or less proportional to the oxygen concentration. 

Discussion of Experimental Results 

A comparison of the reaction rates in packed and unpacked vessels shows 
that the oxidation of acetylene under the conditions employed here is a 
homogeneous gas reaction. An increase in the glass surface does not in- 
crease the rate; instead, such an increase of the surface decreases the re- 
action rate many-fold. It has been shown by P e a ~ e , ~  Hinshelwood and 
Thompson,l3 and Semenoff6 that this behavior characterizes chain reac- 
tions. The abnormal dependence on the concentration of the reactants is 
further evidence favoring the chain character of the reaction. Oxygen, 
which must enter the reaction mechanism, not only does not favor the re- 
action but even slightly inhibits it. Such behavior is incomprehensible 
from the point of view of classical chemical kinetics. 

The analysis of the oxidation products shows glyoxal, formaldehyde and 
formic acid, aside from gaseous products. I t  is obvious that the formation 
of glyoxal must precede the formation of formaldehyde and formic acid in a 
stepwise oxidation. The change in the amounts of glyoxal, formaldehyde 
and formic acid with contact time demonstrates clearly the stepwise charac- 
ter of the oxidation which has already been suggested by B ~ n e . ~  However, 
we do not consider his scheme correct in detail. Instead of a primary 
product containing two hydroxyl groups, a substance of the same total 
composition, C2H202, but consisting of two aldehyde groups, namely glyox- 
al, is obtained. 

l3  Hhhelwood and Thompson, Proc. Roy. SOC. (London), 118A, 170 (1928). 
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There is a variety of possible reactions which glyoxal may undergo under 
our experimental conditions. Since reactions involving more than two 
molecules simultaneously are kinetically less probable than bimolecular and 
unimolecular processes, we can limit our discussion to the latter. 

CHO-CHO -+ CO + HCHO (1) 
CHO-CHO * 2CO + Hz (2) 
CHO--CHO + Or -+ Cot + HCOOH 
CHO-CHO + 0 3  CO + 0 f HCOOH 

(3) 
(4) 

CHO-CHO + 0 2  CO + COa + Hz0 (5) 

Our experiments enable us to distinguish between the relative importance 
of these reactions. Reaction 3 certainly does not take place to any con- 
siderable extent, for otherwise a much larger relative yield of carbon dioxide 
would be obtained than was actually observed. Reaction 2 cannot be 
predominant because only small quantities of hydrogen were obtained 
throughout. On the other hand, the fact that the hydrogen yield de- 
creased only slowly on decrease of the contact time makes it probable that 
i t  is this reaction and not a decomposition of formaldehyde or formic acid 
that  produces hydrogen. Bone maintains that hydrogen in the reaction 
products is due to a reaction of the type, HCOOH --, Hp + COZ, but our 
experiments point strongly against this inasmuch as they show that, on 
variation of the contact time, the yields of carbon dioxide and of hydrogen 
are quite different. Accordingly Reaction 2 may be considered as playing 
a secondary role in the reaction sequence. Bone attributes the formation 
of formic acid to a secondary oxidation of formaldehyde only. Our ex- 
periments are not conclusive enough to decide whether Reaction 4 or the 
process HCHO + 0 2  -+ HCOOH + 0 produces formic acid. In both 
cases one would expect decreasing yields of acid when the time of contact 
is decreased, but Reaction 4 would lead to a slower decrease than its for- 
mation in the oxidation of formaldehyde. A slight decrease in the amount 
of formic acid was actually observed; this might be construed as showing 
the occurrence of Reaction 4. A final decision will be possible only after 
a more detailed study of the yields of formic acid and formaldehyde. 

The occurrence of Reaction 5 is also uncertain a t  present. The fact 
that  the yields of carbon dioxide and water both decrease rapidly on short- 
ening the contact time speaks in favor of our theory of the formation of 
these stable reaction products in some later stages of the reaction sequence, 
perhaps in the decomposition or oxidation of formic acid. The origin of 
carbon monoxide in the reaction is probably due to several processes. Its 
main source, especially a t  the lower temperatures, is Reaction 1. At higher 
temperatures additional sources of carbon monoxide may be the reactions 

HCHO +Ha + CO 
HCOOH CO + Hz0 

The experiments in the packed vessel show that an increase in the glass 
surface changes the kinetics and the entire course of the reaction. It 
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appears that a heterogeneaus oxidation of acetylene directly to carbon 
dioxide and water, which was quite subordinate in the unpacked vessel, 
has been sufficiently accelerated to overshadow the homogeneous reaction. 
The fact that the glass surface has a profound influence on the yield of 
carbon dioxide is in favor of this explanation. 

A problem which remains to be discussed is the co6rdination of the chemi- 
cal side of the processes involved in the oxidation of acetylene with the 
chain character of the reaction and with the kinetic relations observed. 
Since none of the reactions are reversible under the experimental conditions 
and glyoxal appears in only small quantities, it must be the primary process 
of oxidation of acetylene that is the rate-determining process, namely, 
CzHz + 0 2  = C2H202- 

Accordingly one would expect the reaction rate to be proportional to the 
product of the concentration of acetylene and oxygen, but this is not the 
case. The reaction rate is proportional to the square of the acetylene con- 
centration and is practically independent of oxygen. Furthermore, the 
reaction exhibits an induction period. Similar characteristics have been 
observed by Thompson and Hinshelwood4 in the oxidation of ethylene. 
These authors' explanation of the reaction order is essentially this: a 
molecule resulting from addition of oxygen to ethylene will collide with a 
molecule of either ethylene or oxygen; the collision with ethylene is favor- 
able to the propagation of a reaction chain while the collision with oxygen 
puts an end to further chemical processes. This scheme expressed kineti- 
cally yields the experimental order. Our results with acetylene can be 
interpreted in the same manner. The formation of glyoxal, being an addi- 
tion reaction, must take place through a three-body collision.14 A formal 
agreement with experiment is obtained if it is assumed that only with 
acetylene as the third body is glyoxal formed, while the action of oxygen 
is different. It is astonishing that glyoxal is formed a t  all as a primary 
product because the direct formation of carbon monoxide and formalde- 
hyde, C2H202 = CO + HCHO, being also highly exothermic, does not 
need a three-body collision and therefore should occur much more readily. 

The presence of reaction chains has been shown, but their mechanism 
remains at present uncertain. The deduction can only be made from the 
existence of the induction period that the presence and further oxidation 
of intermediary products speed up the primary oxidation of acetylene. 
It is quite possible that free oxygen atoms resulting in some of the single 
reaction steps discussed above play an important role in the reaction. 

Summary 

Experiments are described that show that the thermal oxidation of 
acetylene by oxygen can be conveniently studied in ppex  vessels between 

'4 Born and Franck, 2. Physik, 31,411 (1925). 
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250 and 3 1 5 O .  A comparison of the reaction rates in packed and un- 
packed vessels shows not only that the reaction is homogeneous but that it 
is of the chain type. 

The change in composition of the condensable reaction products with 
time of contact shows that the oxidation proceeds through the stages 
glyoxal-formaldehyde-formic acid. The gaseous products consist mainly 
of carbon monoxide, together with carbon dioxide and hydrogen. A study 
of the change in gas composition with contact time indicates that carbon 
monoxide originates mainly from the direct decomposition of glyoxal, and 
that carbon dioxide is due to oxidation or decomposition of formic acid, 
whereas the origin of the traces of hydrogen is at  present uncertain. 

The velocity of reaction is proportional to the square of the acetylene 
concentration and is independent of the oxygen concentration. 

In packed vessels the homogeneous oxidation is almost entirely sup- 
pressed, and a heterogeneous oxidation of acetylene on the glass surface 
directly to carbon dioxide and water takes place. The rate is roughly pro- 
portional to the first power of the acetylene and oxygen concentrations. 
The mechanism of the reaction has been discussed. 

[CONTRIBUTION FROM THE PHYSICS DEPARTMENT, ALABAMA POLYTECHNIC INSTITUTE] 

A MAGNETO-OPTIC METHOD OF CHEMICAL ANALYSIS 

BY FRED ALLISON AND EDGAR J. MURPHY 

RECEIVED MAY 13. 1930 PUBLISHED OCTOBER 6, 1930 

This paper reports some results of a method which promises to be of value 
as a new means of chemical analysis. It also suggests a new angle of ap- 
proach to certain aspects of the problem of ionization in liquids. The 
method is a refinement of one previously described by Allison1 in the in- 
vestigations of the time lag differences of the Faraday effect behind the 
magnetic field in certain liquids as a function of the wave length of the light 
used. 

In a study of solutions it was subsequently found that each chemical 
compound, regardless of the presence of other substances, produces its 
characteristic minimum (or minima) of light intensity, which persists until 
the concentration is reduced to about 1 part in 1011.2 This fact suggested 
that the method might have application in some cases of chemical analysis. 

The authors3 have extended these iindings of Allison to include a rather 
comprehensive series of solutions of chlorides, nitrates, sulfates and hy- 
droxides. 

Allison, Phys. Rev., 30, 66 (1927). 
Allison, ibid., 31, 313 (1928). 
Allison and Murphy. ibid.. 35, 124 (1930). 
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The experimental arrangement is diagrammatically shown in Fig. 1. 
The apparatus together with its manipulation has already been 
de~cribed.~,~*~ A kenetron tube K replaces the Wehnelt interrupter of the 
original set-up, the condenser C being charged from the high voltage side of 
the transformer M. Sliding rheostats RI and Rz are in series with the 
primaries of the main transformer and the filament transformer, respec- 
tively. B1 and B2 represent the cylindrical cells which are placed co-axially 
within the helices of wire, N1 and Nz the polarizing and analyzing Nicol 
prisms, L a converging lens, F Wratten filters and TITI and TzTz the sliding 
trolleys. A steady source of light in connection with a monochromator has 
at  times been used instead of the spark A, the latter being screened. 

Fig. 1.-Diagram of apparatus and connections. 

For some time we have often found convenient a combination of the air 
or light path and the wire path in measuring these time effects. The sliding 
trolley, although itself equipped with a vernier, becomes the coarser scale, 
while the finer settings are made by displacing the cell B2 by means of a 
rack and pinion motion. The trolley is first set at  a point within a few 
centimeters of the position at which a minimum is observed and the mini- 
mum is then finally located with surprising precision on the rack and pinion 
scale. The wire and light paths are then simply combined. 

Representative results are given in Table I. The compounds of each 
series are arranged in columns in the order of the increasing chemical 
equivalents of their metallic elements. In the first column under each 
compound are recorded the positions of the characteristic minima of the 
compound as read on the wire path scale. In the second columns are 
tabulated the differential time lags, all of which are with reference to carbon 
bisulfide. The zero of the wire path scale is at 15.00. The differential lags 
are therefore found by subtracting the scale readings of the minima from 
this zero point, since the scale is laid off in units of 30 cm. The lags are thus 
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TABLE I 
SCALE READINGS OF CHARACTERISTIC MINIMA AND DIFFERENTIAL TIbEE LAGS WITH 

REFERENCE TO CARBON BISULFIDE 
Scale Seconds Scale Seconds Scale Seconds Scale Seconds 

reading X lo-@ reading X 10-9 reading X 10-9 reading X 10-9 

HCl HNOs HzSO4 HOH 
15.85 -0.85 5.50 9.50 8.43 6.57 9.30 5.70 
15.95 - .95 5.61 9.39 8.65 6.35 

LiCl LiNO3 Li~S04 LiOH 
16.22 -1.22 5.85 9.15 9.00 6.00 10.03 4.97 
16.45 -1.45 5.95 9.05 9.10 5.90 10.18 4.82 

NaCl 

18.73 -3.73 

11.05 3.95 

Fe(OH)3 
11.60 3.40 
11.74 3.26 

Ca(OH), 
12.37 2.63 
12.57 2.43 

NaOH 
13.47 1.53 

As(0H)a 
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Scale Seconds 
reading X lo-* 

CuCl, 
20.48 -5.48 
20 68 -5 68 

ZnCla 
21.08 -6.08 
21.40 -6.40 
21.73 -6.73 
21.85 -6.85 

KC1 
22.50 -7.50 
22.87 -7.87 

SbCl3 
23.30 -8.30 
23.66 -8.66 

SrClr 
24.35 -9.35 
24.59 -9.59 

CuCl 
30.38 -15.38 
30.68 -15.68 

TAB= f (Contkued) 
Scale Seconds Scale Seconds 

reading X 10-' reading X 10-0 

Cu(N0s)s CuS04 
7.40 7.60 14 80 0.20 
7.43 7.57 15.00 .OO 

Zn(NO& ZnSO4 
7.54 7.46 15 21 -0.21 
7.56 7.44 15.42 - .42 
7.67 7.32 15.75 - .75 
7.70 7.30 16.03 -1.03 

KNO, KaSOa 
7.82 7.18 16.74 -1.74 . 
7.84 7.16 16.98 -1.98 

Sb(NO& Sbs(S04)r 
17.96 -2.96 
18.13 -3.13 

Sr(NOa)z SrSO, 
8.00 7.00 
8.30 6.70 

Scale Seconds 
reading X 1 0 - 9  

C ~ ( O H ) S  
10.04 -1.04 
16.35 -1.35 

Zn(OH)a 
16.27 -1.27 
16 52 -1.52 
16.93 -1.93 
17.20 -2.20 

K O H  
19.54 -4 54 
19.95 -4.95 

Sb(0H)a 
19.65 -4.65 
19.90 -4.90 

Sr(0H): 
20.33 -5.33 
20.92 -5.92 

CuOH 
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TABLE I (Concluded) 
Scale Seconds Scale Seconds Scale Seconds Scale Seconds 

reading X 10 - 0  reading X 10-9 reading x 10-0 reading x lo-% 

AgCl AgN03 , AgzSO, AgOH 

38.65 -23.65 10 60 4.40 26.17 -11 17 
39.18 -24.18 10 80 4.20 26.82 -11.82 

HgOH 

19.40 -4.40 
19.60 -4.60 
19.74 -4.74 
20.00 -5.00 
20.37 -5.37 
20.70 -5 70 
20.96 -5 86 

TIC1 TlNOl TlzS01 TlOH 

42.65 -27 65 11.15 3.85 30 20 -15.20 21.40 -6.40 
42.95 -27.95 11 40 3.60 30.30 -15.30 21.70 -6.70 

computed on the assumption that the electric surges in the wires travel 
with the speed of light, because in practice i t  is more convenient with a 
given set-up to adhere strictly to the readings on the wire path scale and 
because we no longer find it worth while to check the readings on the light 
path scale. There has not been opportunity, for lack of both time and 
material, to  locate the minima corresponding to those compounds for which 
no values appear in the table. Some salts, such as cuprous nitrate and 
stannous nitrate, were obtained by the addition of the corresponding acid 
to dilute solutions of the chlorides. We are publishing data for only such 
hydroxides as we have been able to procure, though we do find in general the 
hydroxides present when the salts of the metals are in solution. 

Since the position of each minimum corresponding to a compound is 
tabulated in terms of a scale whose units are marked off in lengths of 30 cm., 
which in time units have the value of sec., the second decimal refers to 
a length of 3 mm. or a time of 10-l1 sec. The various regions of the scale 
occupied by the nitrates, hydroxides, sulfates and chlorides will be noted 
from the data of the table. The chlorides have the advantage of what may 
be termed greater resolving power in the location of minima. In  seeking to 
determine the presence of a metal, a very valuable check is afforded by 
observing the minima corresponding to each of the four compounds. 
There are overlapping regions, as will be seen from a study of the table, 
but when one gains familiarity with the order in which the minima occur, 
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there is little ground for confusion. It should be kept in mind that  these 
time intervals recorded are differential, the time lag for each compound 
being with reference to  carbon bisulfide. (Other liquids than carbon bi- 
sulfide have been used in cell B1. When this is done the characteristic 
minima due to  compounds in Bz fall at different parts of the scale in con- 
sistent agreement with the differential time lag between the new liquid in 
BI and carbon bisulfide.) 

After reading the minima of a number of compounds, i t  appeared upon a 
study of the results that the positions of the minima were functions of the 
atomic weights of the metallic elements of the compounds or, more pre- 
cisely, of the atomic weights divided by the valence, that is, the chemical 
equivalents. In other words, the differential time lag in general decreases 
with increasing chemical equivalent. In each of the four series of com- 
pounds of Table I the longest differential lag is thus produced by the com- 
pounds of hydrogen, the shortest by those of thallium. Furthermore, 
elements which have two different valences exhibit as a rule two minima, 
or two series of minima, in different regions of the scale corresponding t o  
the chemical equivalents in the two cases, the number of minima being the 
same for each valence. Cases of more than two valences have not been 
studied. There are several slight exceptions to the law of decrease of 
differential lags with chemical equivalence. Among these will be noted the 
minima of the compounds of nickel and cobalt and those of some of the  
heavy metals which have a number of isotopes, the minima of the latter 
compounds overlapping in certain regions of the scale. In  reading across 
the table, it will be seen that for any metallic element there also exists this 
relationship between differential time lag and chemical equivalent in the 
case of the chlorides, sulfates and nitrates, the hydroxides falling somewhat 
out of line in this respect. 

It will be further noted from the tabulated results that each compound 
produces either a single minimum or two or more close minima. The 
number of these minima, with few exceptions, is the same as the number of 
the known isotopes of the metallic elements of the compounds, whether the 
elements be in the chloride, nitrate, sulfate or hydroxide form. This is 
in keeping with the relationship discussed in the preceding paragraph, 
namely, the variation of the differential lag with atomic mass. The iso- 
topes of the metallic element, in each series of compounds, alone seem t o  be 
operative in producing minima. Hydrochloric, nitric and sulfuric acids 
each produce two minima, for which we are unable to account. It will now 
be seen that the cobalt minimum takes its place regularly with respect t o  
the minimum of the heavier isotope of nickel but not with respect t o  that  
of the lighter. 

Several compounds a t  great dilution behave as if the magnetic rotation 
exerted by them is of negative sign. For example, repeated observations 
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failed to reveal minima characteristic of ferric sulfate. Upon reversing the 
field in Bz, however, the two minima appeared in the appropriate region of 
the scale, as shown in the table. These results are suggestive of those 
reported by Roberts4 and others concerning the magnetic rotary dispersion 
of certain paramagnetic solutions. It is planned to make further study of 
this behavior of solutions. 

Since water in all the reported results was the solvent of the compounds, 
considerable time has been devoted to searching for minima when the purest 
water which we have available fills the cell Bz, namely, that distilled in 
quartz. There are some four or five minima distributed over the scale 
which we have been unable to remove by redistillations. One of these, 
because of its distinctness, we have attributed to water. The others we 
have been unable to identify. Some are doubtless due to compounds 
dissolved from the glass cell even during the short time the water is in con- 
tact with the glass before an observation can be made. These unknown 
minima, being always a t  fixed points of the scale, are not a source of con- 
fusion but they are actually an advantage in supplying fiducial points along 
the scale. I t  is planned to investigate further the causes of these minima. 

We have thus far had the opportunity to make a study of practically no 
inorganic compounds except those listed in the table. A great deal of 
laborious observation is required to locate the characteristic minima with 
precision for a large series of compounds. Once the table is determined, 
however, i t  affords a rather rapid means of analysis for any compounds of 
the series. It is planned to construct in the near future tables for car- 
bonates, phosphates, etc., as well as for certain organic compounds. 
There is reason to believe that this method is applicable to most, if not all. 
compounds. 

The method appears to be a reliable one, as attested by a large number of 
successful tests and chemical analyses. Several advantages inherent in it 
may be suggested. One is the speed with which the presence of a com- 
pound may be detected. Another is due to the fact that the sample is not 
destroyed by the analysis, since it is merely subjected to  the passage of a 
beam of light through it. Inasmuch as very small quantities are easily 
detectable, substances which are very slightly soluble, whether transparent 
or opaque, readily lend themselves to this sort of analysis. It may be 
further remarked that the apparatus necessary is comparatively inex- 
pensive. Its operation, however, requires the attainment of a considerable 
amount of experience and technique on the part of the observer. It is not 
to be expected, in the present stage of development, that the method will 
yield dependable results in the hands of the average observer. Improve- 
ments are still being made, however, and i t  is hoped that ultimately i t  will 
be adapted to more general usage. 

R. W. Roberts, Phil. Mag., 9,361 (1930). 
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An analogy with spectrum analysis may be of interest. Inskad of 
spectrum lines characteristic of the chemical elements, we have disposed 
along a scale (some 25 feet long) the minima characteristic not of the ele- 
ments alone but of the chemical compounds. For example, the various 
compounds of sodium, NaCI, NaNOg, Na9SO4, NaOH, show minima in 
different regions of the scale, by means of which each compound when in 
solution may be recognized. The metallic element in the compound seems 
to be chiefly effective in producing minima. At any rate, we have found 
no minima which we could ascribe to the negative part of the molecule. 
Such minima, of course, may occur in the extended regions of the scale 
which have not been carefully explored. 

Since we find it far more convenient to use the wire path method (or a 
combination of the wire and light paths), observations have been carried 
out on the three different set-ups, all built of somewhat different dimensions 
and in two different rooms, to determine how the positions of the minima 
correspond on different scales as read on the wire path scale. It is found 
that, when the set-ups are constructed symmetrically, there is very close 
agreement in the differences between corresponding minima on the three. 
Each new set-up, however, should have its wire path calibrated by finding 
the exact positions of the characteristic minima corresponding t o  the com- 
pounds for which analyses are subsequently to be made. The positions of 
the minima are not changed, within the errors of observations, by wide 
variations in the resistance, capacitance or inductance of the circuit, 
though the distinctness of the minima is affected by such changes. Opti- 
mum conditions for sharp minima may be found by experiment through the 
adjustments of the constants of the circuits. The beginner is likely to 
meet with considerable difficulty here, since he will probably fail t o  note the 
minima a t  all until this optimum condition is approximated. No fixed 
rules can be laid down for this adjustment, owing to the variations in the 
constants of different circuits. It is especially important that the capacity 
of the condenser be adjustable to the proper magnitude. 

Settings on a minimum may be repeated by the same observer, or by 
different observers, within a deviation of a very few millimeters. Rather 
close minima may therefore be distinguished with considerable ease. The 
minima are surprisingly sharp, some more so than others. The hydroxides 
produce minima which are least sharp and most difficult to  locate with 
precision, 

The sensitiveness of the method has proved to be surprisingly great. 
Tests have been carried out on a representative number of solutions of 
compounds of graded concentrations. The results show that about 1 part 
in 10" of the solvent can be detected. This is true for both organic and 
inorganic compounds. The minima show no appreciable change in dis- 
tinctness a t  various stages of concentration until the dilution a t  which they 
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vanish is approached, when they gradually fade out, usually between 1 part 
in 1011 and 1 part in 1012. The sensitivity is not appreciably affected by the 
presence of other compounds in the solution, but i t  depends somewhat upon 
the observer, the chemical compound and the adjustment of the apparatus. 
The sensitiveness of this magneto-optic method in comparison with other 
methods is indicated in the following table (the data are quoted from 
A ~ t o n ) . ~  

Mass in am. at which 
the method breaks down 

Ordinary chemical balance 8 . 5  X 10" 
Quartz micro-balance 2.58 X lo* 
Spectrum analysis (Na lines) 3.23 X 10-lo 
Ordinary microscope 6.25 X lo-'" 
Ultramicroscope 2 38 X lo-'* 

5.15 X 
Magneto-optic method about 1 X 10'" 

It is recognized, of course, that the results reported in this paper cannot 
be accounted for on the classical theory of magneto-optics nor are they in 
accord with experiments on the variation of the magnetic rotation with 
concentration. Furthermore, our findings are difficult perhaps to reconcile 
with the modern theory concerning ionization in very dilute solutions. 
While we are as yet unable to offer a satisfactory interpretation of our 
results, there are several points that should be mentioned. The effect is 
certainly a time effect, because the characteristic minima are produced by 
changes in the light path alone, as well as by changes in the wire path. 
This is further borne out by the fact that when the two cells are exchanged, 
the positions of the minima are shifted to points of the scale in keeping with 
this interpretation. Furthermore, when a tube of water is introduced 
between B1 and BB, the position of a given minimum is displaced forward on 
the light path scale in proportion to the lengthening of the optical path by 
the water. (This is of additional interest in suggesting a new method for 
the direct measurement of the speed of light in transparent liquids.) In 
searching for oscillations several methods were employed. A test coil 
attached to a vacuum thermocouple was placed alternately in the helix of 
B1 and Bz and the trolleys moved along the scale. The deflecting instru- 
ment showed no indication of maxima or minima. A neon tube also failed 
to  give such indications when moved along the scale between the trolley 
wires. A thermo-galvanometer connected in series with one branch of the 
circuit showed no maximum and minimum readings corresponding to 
different points of the scale as the trolley was displaced. An effort was also 
made to detect oscillations by resonance in a vacuum tube circuit set up for 
the purpose, but no oscillations capable of affecting our results could be 
found. 

Aston, J. Franklin Inst., 193, 583 (1922). 
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In the present light of our investigations we believe that the phenomena 
are most probably to be interpreted as due to differential time lags in the 
Faraday effect. Such an abnormal magnetic rotation in these very weak 
solutions may possibly be accounted for because of several factors, namely, 
the high frequency of the magnetic field, the enormous instantaneous 
amperage and the steepness of the wave front of the transient surges of 
current. That the form of wave front may be effective is suggested from 
our experience last summer, with the coming of the first rains. As our 
research room, situated in the basement, became more and more humid, 
the minima entirely disappeared, though no changes in our apparatus had 
been made. Corona losses were obviously rather large. We tried the 
expedient of bringing in several heaters, when, within a few hours, the 
minima were visible again. We found it necessary to control the humidity 
in this way throughout the summer. During nine months of the year no 
such control is necessary. While as pointed out above a differential 
Faraday time lag still seems the most plausible interpretation, the experi- 
mental results herein reported would not be undermined should this inter- 
pretation subsequently be found untenable, since these results are based 
upon actual measures of some time effect. 

Investigations are now in progress to ascertain to what extent the method 
is applicable for the quantitative estimation of compounds present in 
extremely small amounts. The preliminary results are very encouraging. 
With a series of increasing and known concentrations of a given compound 
in water (serving as standards), observations are carried out to find at what 
concentration the characteristic minima df the compound first appear. 
Most compounds for which quantitative tests have been made reveal their 
presence when the concentration is near 1 part in lo1'. By making ob- 
servations on a corresponding series of increasing concentrations of the 
unknown solution in water, one notes as before the concentration of the 
unknown solution in which the minima characteristic of the particular 
compound are first observed. By a simple computation the quantity of the 
compound in the unknown solution may then be determined. As the 
gradations in the increasing concentrations of the solution may be made as 
small as one desires, it is believed that the method has possibilities of an 
accuracy in quantitative analysis that will render it valuable for some 
purposes. In a later paper it is planned to give a more definite report4 on 
the quantitative aspects of the method. 

Our recently reported evidence6 of the presence of element 87 in certain 
samples of pollucite and lepidolite ores is based upon the location of minima 
characteristic of an element of the atomic weight and valence ascribed to  
eka-cesium. An additional report of this investigation is contemplated 
in the near future. 

Allison and Murphy, Phys. Rev., 35,285 (1930). 
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It is a pleasure to acknowledge the helpful cooperation of a number of 
chemists. We mention in particular our indebtedness to Dr. J. L. McGhee, 
of Emory University, who has contributed greatly by his collaboration in 
the work of chemical analysis and otherwise; to Professor H. D. Jones, 
formerly our colleague and a t  the present time an industrial chemist, who 
has checked some of our observations and has made analyses by the 
method; to our colleague, Professor H. M. Martin, whose advice in 
problems of inorganic chemistry has been frequently sought; in fact, 
to  the entire faculty of chemistry in this Institution for their cordial attitude 
of cooperation. We wish also to express our thanks to Mr. J. H. Christen- 
sen, student assistant in physics, for taking many observations, particularly 
with the hydroxides, and for making a number of checks on our work. 

Summary 
1. Each compound studied produces its own characteristic minimum, 

or minima, of light, regardless of the presence of other compounds. 
2. The characteristic minima of those compounds for which quanti- 

tative tests have been made do not disappear until the concentration is 
reduced to about one part of the compound in 10" parts of water. 

3. These minima appear a t  points along the scale in the order of the 
chemical equivalents of the metallic elements of the compounds, or the 
differential time lag is some inverse function of the chemical equivalent. 

4. The number of characteristic minima, with few exceptions, is equal 
to  the number of known isotopes of the metallic element of the compound. 

5. The method promises to be of value in quantitative as well as in 
qualitative analysis in work dealing with very small quantities of materials. 

AUBURN, ALABAMA 
- 

HEATS OF NEUTRALIZATION BY THE CONTINUOUS 
FLOW CALORIMETER 

The continuous flow calorimeter1 served to locate a serious error in an 
accepted value2 for the heat of neutralization of sodium hydroxide with 
hydrochloric acid, in agreement with the findings of Richards and R ~ w e , ~  
which were published a t  the same time. Richards and his collaborators a t  
Harvard have given a large body of data which seem to be of high pre- 
cision, and repetition or extension of their measurements appears pointless 

Keyes, Gillespie and Mitsukuri, THIS JOURNAL, 44, 707 (1922). 
2 W6rmann. Ann. Physik, [4] 18, 775 (1905). 

Richards and Rowe, Tms JOURNAL, 44,684 (1922). 
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unless the chemicals used, especially the alkalies, are pure t o  within about 
0 . 1  Now the continuous flow calorimeter demands large supplies of 
carefully controlled solutions. Furthermore, it furnishes merely tempera- 
ture changes and cannot be used alone, therefore, to extend the data of 
Richards and his collaborators into temperature regions where no specific 
heat data exist. We have been forced to limit our efforts to  verification 
of some of the results of Richards and his collaborators a t  the temperature 
of their experiments, and to test the applicability of the Kirchhoff equation4 

by a few direct measurements a t  other temperatures. 
We supposed a t  first that we should be able to check the work of the 

Harvard investigators only with respect to the temperature changes due t o  
the reactions, but found that enough experimental work was available by 
other workers to furnish independent specific heats, and therefore afford 
heats of reaction completely independent of the Harvard work. 

The apparatus and method used were essentially the same as  tha t  of Keyes, Gil- 
lespie and Mitsukuri, with minor improvements of the method of controlling the speed 
of flow and with one change of technique which enabled the rise of temperature t o  be 
obtained a t  unusually slow rates of flow. 

When the rate of flow is too small, the mixing a t  the double concentric nozzles is 
imperfect when the average effluent is neutral, but may be good enough when the 
average effluent is either acid or alkaline. I t  was found possible a t  such a rate of flow 
to determine the rise of temperature for a neutral effluent by plotting the change of 
temperature against excess of acid or of alkali as indicated by neutralizing 100 cc of 
emuent. Excess of alkali was plotted as negative excess acid, and two intersecting 
straight lines were used t o  smooth the observations and to find the maximum rise of 
temperature. 

Platinum thermometry was used as  before. The two thermometers were tested 
from time to time for the fundamental interval and the delta value. It was neces$ary 
t o  have a new calorimeter constructed, and the inside of the Dewar space was silvered. 
The silvering reduced the heat loss considerably. The small difference in indication 
of the two thermometers was rendered of no influence by determining the  difference of 
readings when pure water was run through both sides of the apparatus; it  was found 
possible t o  set the tempcrature of the preliminary thermostat a t  such a value tha t  the 
difference of readings was practically independent of the rate of flow within the necessary 
range, and this adjustment was made and the difference determined for each experi- 
ment. This difference was then applied as a correction t o  one thermometer, thus basing 
all temperatures on the indications of a single thermometer. 

Chemicals Used. Ordinary distilled water of good quality was used. A good 
grade of hydrochloric acid was made up t o  constant boiling composition and distilled 
into three fractions. The middle third was further divided into three portions by  dis- 
tillation and the middle third kept. It was standardized gravimetrically by  the  silver 
chloride method. A precision within 0.1% was apparently obtained. T h e  results 
were satisfactorily checked by reference to  recrystallized acid potassium phthalate. 
Fresh solutions were used, though the carboy in which they were kept had been used 
for years t o  hold hydrochloric acid and tests of the acid by acidimetric titration and by 
the silver chloride method showed no change of the acid on standing even for several 
weeks. 

When approximately integrated 
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The  alkalies were standardized ac id imet r i~a l l~  by  reference t o  the acid, using weight 
burets. 

The carbonate content was determined by first passing acid into base in the presence 
of carbon dioxide-free air. Secondly, base was added to a new portion of the acid in a 
stream of carbon dioxide-free air. 

A good grade of potassium hydroxide from alcohol was diwolved in water and freed 
from carbonate in the apparatus of Knobel.6 who very kindly lent us his apparatus. 
I n  this apparatus potassium amalgam is formed by electrolysis in one of two flasks which 
communicate at the bottom under mercury, and decomposed by distilled water in the 
other. The resulting solution contained only 0.05 mole of potassium carbonate per 
hundred moles of total alkali. 

For  sodium hydroxide the apparatus was not suitable. An initial phase of sodium 
amalgam reacted very slowly and appeared unstable. After some time a new phase 
seemed t o  appear that would hardly react with water, so that sufficient hydroxide could 
not be obtained for an experiment even after a week of electrolysis. Hence, from sodium 
hydroxide partially freed from carbonate by sedimentation from a concentrated solution, 
a viscous amalgam was formed by electrolysis. This was washed many times with cold 
conductivity water and placed in a large bottle, the amalgam filling about one-fourth 
the volume of the bottle. Steam was then passed through the amalgam. The hot 
water reacted rapidly with it. By the time the bottle was filled with condensed liquid, 
sufficient alkali had been formed to make a strong solution. After the washing with 
conductivity water the operations were carried out  in the absence of carbon dioxide. 
The  solution contained less than 0.2 mole of sodium carbonate per hundred moles of 
total alkali. 

Unfortunately such alkali was not available for all of the experiments and in such 
a case sodium hydroxide freed from carbonate by sedimentation was used. Owing in 
part  t o  the large volumes taken. this method was not uniformly successful and the 
solutions used for the experiments contained sometimes more carbonate than is desirable 
in  a precision experiment. 

The Specific Heats of Aqueous Solutions of Sodium Chloride and of 
Pofassium Chloride.-The continuous flow calorimeter gives temperature 
elevations to a high degree of precision and in order to calculate heats one 
should know the heat capacities of the products (or of the factors) of the 
reaction to an equal precision. In the present case the heat capacities of 
solutions of sodium and of potassium chloride were needed a t  several tem- 
peratures, and it proved necessary to construct original specific heat 
tables, smoothed for both temperature and concentration. Fortunately 
the work of Bousfield and Bousfield6 proved to be very consistent with that 
of Richards and Rowe7 a t  20°, and with that of Randall and BissonS a t  
25O, so that reliable results could be obtained without any attempt to  
utilize scattered data, or data without the appearance of special precision, 
of other investigators. 

Bousfield and ~ o u s f i e l d ~ ~  determined over a series of concentrations the 
5 Knobel, THIS JOURNAL, 45. 70 (1923). 
6 Bousfield and Bousfield, Trans. Roy. Soc. London, 211A, 199 (1912); (b) 218A, 

119 (1919). 
Richards and Rowe, THIS JOURNAL, 43, 770 (1921). 
Randall and Bisson, ibid., 42, 347 (1920). 
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total heat in joules required to raise the temperature in steps of 1 3 O  from 
0.5 to 39.5'. They had previouslyea done the same for water. They 
recognized in their second paper that their values for water might be in 
error, and in fact they are, according to recent values of the Bureau of 
Standards? but they believed their results for solutions to be comparable 
with those for water, and this belief is borne out by the present calculations. 

To deduce specific heats from their data, the total heat in joules was 
differentiated graphically with respect to temperature (at each concentra- 
tion), and the tangent was divided by the instantaneous value of the 
specific heat of pure water given by their earlier experiments and expressed 
in their equation for Je (Reference 5, page 23G). This gave the true spe- 
cific heat referred to water a t  the same temperature. From the Bureau of 
Standards data

g 
conversion factors were found by interpolation to convert 

specific heats in calories a t  to to 20'-calories. The so-converted values 
were smoothed a t  the desired temperatures with respect to concentration, 
plotting the deviation from linearity of 1 - Cp with concentration ex- 
pressed in moles of substance per mole of water, and were finally inter- 
polated by means of the deviation plots for evenly spaced values of the 
concentration as well as for the particular concentrations needed for the 
calculation of heats. 

As a check on the results a t  20°, the specific heats given by Richards and 
Rowe7 for both salts a t  18' in 18'-calories were used to find values a t  20' in 
20'-calories, using smoothed temperature coefficients from the data of 
Bousfield and Bousfield and the conversion factors from the Bureau of 
Standards data. Examination of Table I, in which these Richards and 
Rowe values (R-R) are given together with the values from Bousfield and 
Bousfield (B-B), show the excellent agreement. At the concentrations a t  
which values were needed for calculations of heats, the agreement is 
perfect. At 2.5' the deviation curve through the Bousfield data for sodium 
chloride passed beautifully through the two points of Randall and Bisson. 
Because little use was made of the excellent work of the Bousfields in the 
compilation of the "International Critical Tables," specific heats from their 
data alone are given in Table I, rather than values, possibly better, deriv- 
able from more than one source. The specific heats of sodium chloride 
solutions have been given by Lipsett, Johnson and Maasslo for both 20 and 
25'. Since these were determined indirectly and are not altogether inde- 
pendent of the values of Richards and Rowe, they were not utilized for the 
present comparisons. 

The values at 50' were determined entirely by extrapolation without the 
aid of check determinations, and cannot be regarded as accurate. They 
are given mainly as an aid to the correction of our calculations of heats, 

9 Osborne, Stimson and Fiock, Mech. Eng., 51, 125 (1929). Table 3. 
lo Lipsett, Johnson and Maass, Tars JOURNAL, 49,925, 1940 (1927). 
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which will be possible when accurate specific heats are determined at 
that temperature. 

TABLE I 
SPECIFIC HEATS FOR NaCl.hHzO AND KCI.hH20 IN 20 '-CALORIES 
B-B, from Bousfield and Bousfield; R-R, from Richards and Rowe 

Salt . . . . . .  .NaCl NaCl NaCl NaCl NaCl KC1 KC1 KCI 
Authors. . . . .  B-R R-R B-B B-B B-B B-B R-R B-B 

h 20 20 

10 0.7920 . . .  
12.5 .8144 . . .  
25 .8797 0.8786 
50 .9302 .9286 

100 .9617 .9611 
200 .9796 .9794 
400 .9895 .9894 
800 .9946 .9946 

1600 .9972 .9972 
m 1.0000 1.0000 

" Severely extrapolated. 

The specific heats actually used for heat caiculations were interpolated 
with the aid of the same deviation plots used in constructing the tables, 
and were found for the final concentration of the solutions and for a tem- 
perature equal to the initial temperature plus one-half the temperature rise 
due to  the reaction. Only at 50' did it make a difference of more than one 
calorie in the heat whether the specific heat was calculated for this mean, 
or for the initial temperature. The concentration a t  which the specific 
heat was calculated was not quite the concentration of moles of NaCl (from 
NaOH) per mole of water, but the total moles NaCl from NaOH, NaCl 
from Na2C03, and NaHC03 from NaZC03. Here the loss of heat capacity 
due to  the presence of NaHC03 was assumed to be the same as for NaCI, 
which was safe, as the total error made, if the NaCl and NaHC03 from the 
small concentration of NazC03 had both been neglected in the calculation 
of the heat capacity, would have been only 2.7 calories in the worst case. 
The water formed during the reaction was naturally taken into account in 
calculating the concentration. 

The calculation of the results was in general the same as before,l except 
for some small added corrections. The effect of carbonate in the alkali was 
allowed for in the same way. The necessary corrections were applied to 
give - AH, the heat evolved at constant pressure, for the reaction 

NaOH.0.5(h - 1)HzO + HCI.0.5(h- 1)HzO - NaC1-hHzO- AH,  a t  t o  (1) 
where h is the number of moles of water associated with 1 mole of salt in 
the product of the neutralization. Atomic weights were used as in the 
Harvard calculations, namely, "International Critical Tables" values with 
the exception that 1.008 was used for hydrogen. Consistently with their 
recent work, the heats are given in 20'-calories. 
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Since the concentrations of the acid and alkali were not identical, the 
results were corrected to the form of Equation 1 by the use OF heats of 
dilution, obtained directly from the Harvard work7."," or indirectly with 
the aid of their recent heats of dilution and Kirchhoff's law. These correc- 
tions never exceeded 3 calories. 

The treatment of the potassium chloride data was the same as for sodium 
chloride, and the corrections smaller. 

No. Salt 

1 NaCl 
2 NaCl 
3 NaCl 
4 NaCl 
5 NaCl 
6 NaCl 
7 NaCl 
8 NaCl 
9 KC1 

TABLE I1 
RESULTS OF THE CONTINUOUS-FLOW CALORIMETRY 

No. 6 is the recomputed value from the previous work1 

1 h z t ' l /h '  C.  -AN -AH(R) 

20 1080.7 0 255 20.354 0.000930 0.9961 137% 13773 
20 5G6.5 .50 20.678 .001783 .9924 13803 13823 
24.99 1101.4 .15 25.333 .000911 .9957 13582 . . . 
32 27 568.8 .38 32 917 .001771 .9922 13211 . . . 
32 27 506 0 .20 33 953 .001774 ,9922 13274 . . .  
32.3 520.5 .42 33.008 .001921 .9916 13284 . . . 
50 04 52.87 .10 57.04 .OM95 .9359 13237 . . . 
50.04 99 91 .13 53.58 .01003 .9642 12676 ... 
20 547.8 .05 20.705 .001527 ,9896 13864 13861 

The results of the calorimetry are given in Table 11. t, h and - A H  
refer to Equation 1; x is the number of moles of sodium carbonate or po- 
tassium carbonate per 100 moles of base in the alkaline solution used for the 
experiment. t' and l/h' are the temperature and the moles of salt per mole 
of water for which the specific heat, C,, was interpolated from the deviation 
plots representing the Bousfield data. In  the last column, - AH(R) 
gives the interpolated values for the same concentration and temperature 
(20°) furnished by the data of Richards and collaborators, as noted. 
For this interpolation the deviations from linearity of the heat versus l / h  
were calculated and plotted against the square root of I lk;  taking the 
square root removed an excessive bend in the plots. The values of the heat 
for infinite dilution used were the extrapolated values found in the summary 
of Richards and Rowe3 for the formation of potassium chloride, and of 
Richards and Hall13 for the formation of sodium chloride. At the time our 
experiments were concluded the 1929 articles from the Harvard laboratory 
had not been published and our results for sodium chloride differed from 
the interpolated values from the older work of Richards and Rowe by 
about 25 calories, but it will be seen from Table I1 that our results are in 
good agreement with the recent values. 

I n  order now to compare our six results a t  temperatures other than 20°, 
i t  is necessary to have temperature coefficients of the heat of neutralization. 

" Richards and Gucker, THIS JOURNAL, 51, 712 (1929). 
'2 Richards, Mair and Hall, ibdd., 51, 727 (1929) 
" Richards and Hall, ihid.. 51, 731 (1929). 
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The values of Richards and Rowe need corrections, according to the 1929 
articles. Using the latest data for sodium hydroxide and hydrochloric acid, 
and the (R-R) specific heats for sodium chloride given in Table I, new 
values of the temperature coefficient were calculated from Kirchhoff's law. 
They lie near a gently sloping line, when plotted against the concentration 
( l / h ) ,  and intercept the axis of zero concentration very close to the value of 
Noyes, Kato and S~sman . '~  Since, however, ideas have necessarily been 
used in the interpolation of some of the specific heat data on which the 
values of the temperature coefficient in the dilute region are based, we see no 
guarantee that this temperature coefficient curve is substantially correct a t  
low concentrations, and it is not here reproduced. We have used it, how- 
ever, in an effort to compare our results a t  various temperatures with the 
interpolated Harvard values a t  20'. From this curve, interpolated values 
of the temperature coefficient were read off for the necessary concentra- 
tions, and our results were corrected to 20' by means of them, assuming, of 
course, that the coefficient is constant over the whole temperature interval, 
which cannot be the case from 20 to 50'. The comparison is given in 
Table 111. 

TABLE I11 

ATTEMPTED COMPARISON OF DATA BY TRE USE OF TEMPERATURE COEFFICIENTS 

Temperature. .. . . . . . . 24.99 32.27 32.27 32.3 50.04 50.04 
Dilution ( h ) . .  . . . . . . . 1101 569 566 521 52.9 99.9 
Percentage deviation.. 0.45 0 .24  0.71 0 .70  0 - 1.22 

The percentage deviation is the heat of reaction (evolution) calculated 
from our results minus the corresponding results of Richards and Hall,I3 
in percentage of the latter results. Bearing in mind the close agreement 
shown a t  20' in Table 11, which was only reached after their recent revision, 
we do not believe that the disagreement shown in Table 111 (unless, i t  may 
well be, a t  50°, in view of the unsatisfactory specific heats a t  that ternpera- 
ture) is mainly due to experimental error in our heats. Neither does i t  
seem to  be principally due to a variation of the temperature coefficient with 
temperature. The suggestion is strong that the temperature coefficients, 
extrapolated into the dilute region, cannot be trusted. 

Summary 

From the measurements of Bousfield and Bousfield, specific heat tables, 
apparently quite accurate, were deduced for sodium chloride solutions a t  
20, 25 and 32O, and for potassium chloride solutions at 20 and 25'. 

Some data were obtained for the formation by neutralization of sodium 
and potassium chlorides. The results were computed in the form 

NaOH.0.5(h - 1)HzO + HC1.0.5(h - l )HzO = NaCl.hH20 - AH,  at t O 

'4 Noyes, Kato and Sosman, THIS JOURNAL, 32, 159 (1910). 
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Our experiments a t  20' agree very closely for both chlorides with the 
exact results of Richards and his collaborators for 20°, but when our ex- 
periments a t  other temperatures are compared with them with the aid of 
temperature coefficients, the agreement is poor. The concentrations a t  
which the discrepancies are significant are rather low, and i t  appears that  
the temperature coefficients are not known at  sufficiently low concentra- 
tions to establish the extrapolated value a t  zero concentration. 

CAMBRIDGE, MASSACHUSETTS 

[CONTRIBUTION FROM THE DEPARTMENT OP CHEMISTRY, NEW YORK UNIVERSITY] 

DOUBLE SALT FORMATION AMONG THE CARBONATES AND 
BICARBONATES OF SODIUM AND POTASSIUM 

When aqueous solutions of the carbonates and bicarbonates of sodium 
and potassium are brought to crystallization, five solid phases of the general 
nature of double salts have been found and identified with certainty. 
The best known of these is Trona, Na2C03.NaHC03.2H20, which has been 
known for a long period of time and which has been studied from its lower 
temperature of formation, 21.26', up to 50° by Hill and Bacon,' and more 
recently up to 89' by Wegscheider and Mehl;2 a t  this temperature the 
latter investigators also believe that two new double salts are formed, for 
which the evidence is, however, less conclusive than for toe five here under 
discussion. Known also for a long time, but incorrectly classed as a 
definite compound in the earlier literature, is the hydrated solid solution 
(Kz, Na2)C03.6Hz0, which was shown by Hill and Miller3 to exist in contact 
with alkali carbonate solutions over a rather wide range of concentrations, 
from 34O downward. The anhydrous double carbonate KNaC03 has been 
shown3 to  be stable in contact with solution from 25.12' upward to  a t  least 
50°, and probably much higher. Recently, in a study of the reciprocal salt 
pair KzC03 + 2NaHC03 Na2C03 + 2KHC03, Hill and S. B. Smith4 

found a new double salt of the formula K2CO3.NaHC03.2H20, belonging t o  
the class of double salts without common ion which Meyerhoffer6 has 
called tetragene salts. This salt was found only in four-component solu- 
tions, and its occurrence and the limits of its field were determined, i t  was 
thought, with surety. At the same time that this paper was published, 
there appeared the valuable and comprehensive work of Teeple upon the 

Hill and Bacon, THIS JOURNAL, 49,2487 (1927). 
Wegscheider and Mehl, Monatsh., 49,283 (1928). 
Hill and Miller, THIS JOURNAL, 49, 669 (1927). 
Hill and Smith, ibid., 51, 1626 (1929). 
Meyerhoffer, 2. anorg. Chem., 34, 147 (1902). 
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Searles Lake deposits; in this there is given6 a 35' isotherm by de Ropp for 
the same system, in which our tetragene salt does not appear, but its place 
is given over to a potassium salt, K2COs.2KHC03.3H20, which we had not 
found in our work. and which is the fifth of the double salts which have been 
claimed for the system. As it was considered necessary to clear up this 
contradiction, the four-component work has been repeated at the two 
temperatures in question, 25 and 35O, with the resulting conclusion that 
both earlier publications contained an error of omission; as will be shown 
below, both the tetragene salt and the potassium sesquicarbonate (though 
with a different degree of hydration, as will be shown in the paper following 
this) occur a t  both temperatures, with a division of the disputed field be- 
tween them. 

Experimental Methods.-The experiments a t  the two temperatures 
have been carried out as in the previous work of Hill and Smith.' Pure 
specimens of the carbonates and bicarbonates of sodium and potassium, in 
suitable weighed amounts, have been treated with weighed amounts of 
water and tumbled in a thermostat usually for two days before pipetted 
samples of the saturated solutions were withdrawn and analyzed. Attain- 
ment of saturation with respect to two salts on the lines of isothermally uni- 
variant equilibrium, and with respect to three salts a t  the isothermally 
invariant points, was proved in every case by the method of adding the 
components necessary to give the composition of the saturating salts, 
tumbling the mixture for another day, and again analyzing the solution; 
where i t  remained unaltered within the errors of the analysis, equilibrium 
was assured. For the analysis, one sample of solution was titrated for total 
alkali with standard hydrochloric acid, using methyl orange as indicator; 
a second sample was evaporated to constant weight to give total potassium 
and sodium as carbonate; a third sample was analyzed for total carbon 
dioxide by adding siilfuric acid and absorbing the evolved gas in soda lime 
in a Flemming bottle. From these data the composition of the solution 
was calculated. The samples were weighed from voliimetric pipets, from 
which data densities can be calculated, but not with a high degree of 
accuracy. 

The 25" Isotherm.-The data a t  25" are given in Table I and repro- 
duced graphically in Fig. 1. In the table, the abbreviation T. S. is used for 
the tetragene salt K2COr-NaHCO1-2Hg0, and D.S. for the double salt 
K2C03.2KHCOg3/2H20. 

It will be seen from Fig. 1, which reproduces on a large scale a part of the 
four-compnnent diagram previously given4 in full, that the double salt 
K2C03.2KHC0~.3/2H~O found by Teeple a t  35' has an existence in this 
system, but is stable only over a small range of concentrations. 

Teeple, "The Industrial Development of Searles Lake Brines," The Chemical 
Catalog Co.. Inc., New York, 1929. 
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TABLB I 
THE DATA AT 25' 

Wright %, satd. soln. Moles per 1000 moles of Hz0 
.z - 

Point 

- 
8 
L4 
2 - Soltd phases 
. K2CO3 3/2HzO 

KL!0~ .3 /2I i~0  + D. S. 
. D. S. 

. . D S .  

. . .  D S. 

. . D S 4- KHCOa 
2  3 D. S. -t- KHCOs 
4 . 2  D. S. C KHCOa 
6 3 D S f KHCOs 1- T. S. 
5 8 D. S. f T. S. 
5 8 D S. + T. S. 
4 9 D. S. + T. S. + KnCOa.3/2Hn0 
4 2 D S. + K&Oa.3/2Hz0 
2 0 D. S. KL!03.3/2HzO 

D. S. + KC03 3/2HsO 

The 
in Fig. 

35' Isotherm.-The data at 35' are given in Table I1 and 
2. - 10 

- 8 

A 

G 

L " ' ~ ' " "  12 
132 136 140 144 1423 1.52 

Moles KpCOa+. 
Fig. 1.-System KzC03-NaHCO3-NaZC03-KHCOs-Hdl at 25O. 

shown 

Comparing Fig. 2 with the comparzble part of de Ropp's isotherm at the 
same temperature, the present work establishes the existence of the iso- 
thermally invariant points Q and Z and the existence of separate fields for 
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TABLE I1 

THE DATA AT 35 
Weight %, satd. soln. Moles per 1000 moles of He0 - 

Pqint 
In 

Fig. 2 Density Solid phases 

KzCOa.3/2H,O + KNaCOz 
KzCOa.3/2HzO 
K,COo.3/2HzO + D. S. 
D. S. 
D. S. 
D. S. 
D. S. + KHCOa 
D. S. + KHCOa 
D. S. + KHCOa 
D. S. + KHCOa 
D. S. + KHCOa 
D. S. + KHCOa 
D. S. + KHCOa + T. S. 
D. S. + T. S. 
D. S. + T. S. 
D. S. + T. S. + KNaCOa 
D. S. +KNaCOa+ K2COo.3/2HzO 
D. S. + K2COs.3/2HzO 
D. S. + K,COa.3/2H*0 
D. S. + KiCOa.3/2HzO 
D. S. + KsCOa.3/2HzO 
D. S. + KzCOa.3/2HzO 
D. S. + KzCOa.3/2H,O 

DOUBLE SALT 
K,C&.ZKHCO~.X&O 

f I t l * * l ' l * l l l l  

124 128 132 136 140 144 148 152 
Moles K2COB--t. 

Fig. 2.-System KzCOS-N~HCO~-N~~COS-RHCO~H~O at 35'. 
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the double salt and the tetragene salt; this was confirmed by preparing the 
single salts, each within the concentration range indicated, and subjecting 
each to an analysis which confirmed its composition beyond doubt. The 
other points in the diagram were found to be in qualitative agreement with 
de Ropp's findings, but varying from his by several per cent. in composi- 
tion. As compared with the 25' isotherm, the figure shows that  a rise of 
temperature increases the range of concentrations within which the double 
salt can form and decreases the range for the tetragene salt. 

Summary 
Partial isotherms at 2.5' and at 35' for the four component system Kz- 

COi +- 2NaHC03 ,' Na2C03 + 2KHC03 in water have shown that  a t  
both temperatures there exist as solid phases the double salt K2COt-2- 
KHC03.3/2H20 and the tetragene salt K?CO3-NaHCOa.2H20. 

NEW YORK, N. Y. 

HYDRATED POTASSIUM SESQUICARBONATE, 
KzC03.2KHCOp3/2HzO 

The existence of a sesquicarbonate of potassium, intermediate in com- 
position between the normal carbonate and the bicarbonate, has been 
claimed frequently over a long period of time, and a t  least as frequently 
disputed. I t  appears to have been mentioned first by Berthollet,l who 
obtained it by boiling and cooling a solution of the bicarbonate, and also 
by cooling a solution of equimolecular proportions of the carbonate and 
bicarbonate; i t  is obvious that these operations gave partial decomposition 
of the bicarbonate into carbonate and that therefore the composition of the  
solutions was unknown. The only known analyses of the salt were per- 
formed by Flii~kiger,~ who used an incrustation found upon an earthen- 
ware jar containing crude potash, and by Bauer3 and by Rammel~berg,~ 
who prepared their specimen by evaporation and crystallization of a bi- 
carbonate'solution; Fluckiger assigned to the salt the formula K2C03.- 
2KHCO3.5H20 and Bauer and Rammelsberg gave i t  the formula K2COa.- 
2KHC03.3H20; these formulas will be discussed later in this paper. The 
salt has also been reported more recently by Appleby and Lane,6 incidental 

1 Berthollet, Mem. Arcueil, 2. 475 (1809). 
Fli~ckiger, Ber.. 16, 1143 (1883). 

Wauer. Monatsh.. 4, 341 (I%%). 
Rammelsberg, Ber.. 16, 273 (1853). 

6 Appleby and Lane, J .  Chem. Soc., 113, 609 (1918). 



to a study of a four-component system, and by de R o ~ p ; ~  in these two 
publications no analytical data are given, and the formula of Bauer and 
Rammelsberg is used. A large number of investigators have failed to find 
this salt upon studying carbonate-bicarbonate solutions, justifying the 
comment of Mellor,? "there is room for doubting the existence of these 
salts as chemical individuals until the systems have been explored by the 
aid of the phase rule." Having been among those who failed to find the 
compound at one times and found i t  a t  a n ~ t h e r , ~  I have thought i t  well to 
make a systematic study, to determine the temperature range and concen- 
tration range within which the compound has stable existence, and to 
determine as correctly as possible its true composition. 

Experimental Methods.-Solubility measurements have been made for 
the three-component system K2COrKHCOrH20 a t  four temperatures. 
The potassium carbonate, a Kahlbaum preparation which showed as high 
purity as the sodium carbonate used as the ultimate standard, was first 
heated over a burner for several hours and then stored in an electric oven 
a t  110'; attempts to dehydrate the sesquihydrate K2C03-3/3HzO at 
this temperature are likely to be futile, unless very long periods of time are 
used. The pure bicarbonate was stored over sulfuric acid in an atmosphere 
of carbon dioxide Weighed amounts of these salts, with weighed amounts 
of water, were put into 40-cc. glass-stoppered pyrex tubes and revolved in a 
water thermostat; although twenty-four hours were allowed for the attain- 
ment of equilibrium in nearly all cases, it is certain that equilibrium with 
the liquid is attained in a much shorter time, even when the double salt has 
to  crystallize out as solid phase; an important point, however, is the neces- 
sity for adding the carbonate first and insuring that i t  is well broken up and 
brought to complete solution before the bicarbonate is added, to prevent 
the formation of hard lumps of the hydrated carbonate which may remain 
incompletely changed for long periods. The high heat of hydration of the 
anhydrous salt makes it easy to bring it completely into solution. After 
attainment of equilibrium, two 5-cc. samples were withdrawn from each 
tube; one was titrated for total alkali by hydrochloric acid solution, using 
methyl orange as indicator, and the second was treated with sulfuric acid in 
a suitable train and the carbon dioxide absorbed by soda lime in a Flem- 
ming bottle. Tests showed that these two determinations were accurate 
t o  within 0.1%; the calculation of the carbonate-bicarbonate ratio from 
them includes a multiplication which would make errors in the total com- 
position of the order of 0.5%, but the smoothness of the curves obtained 

De Ropp, see Teeple, "Industrial Development of Searles Lake Brines." The 
Chemical Catalog Co., Inc., New York, 1929, p. 132. 

Mellor, "Comprehensive Treatise," Vol. 11, London, 1922, p 779. 
Hill and Hill, THIS JOURNAL, 49, 967 (1927). 

* See previous paper, Hill, ibid., 52, 3813 (1930). 
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indicates that the actual errors were much less. The weights of solution 
delivered by the volumetric pipets gave rough figures for the densities of 
the solutions. 

The Isotherms,--The solubility measurements, which1 were carried out  
a t  four temperatures, from 5 to 50°, are given in the following table 
Columns 5 and 6 give the composition of the mixture weighed into the 
tubes; Cols. 3 and 4 give the composition of the saturated solutions. The 

Point in 
Fig 1 

A 
n 

TABLE I 
TERNARY SYSTEM, K2COs-KHCOS-H20 

5$  Isotherm 
----Satd. solution--- -0rig. complex- 
Iletisity KeCO3 KIICO, KzCOa KHCOI Solid phases 

1.543 51.53 . .  55.0 0.0 KzC03,3/2HzO 
1.155 50.59 1.72 . . . . KzCO3.3/2H%O f D. S. 
. . . 50.03 1.77 49.2 6.0 D.S. 

1.543 49.91 1.90 49.0 6.0 D. S. 
1.542 49.65 1.96 . . .  . . D. S. + KHCOI 
1.509 46.38 2.55 44.0 8.0 KHCOs 
1.137 . . . 20.15 . . . 30.0 KHCO3 

25" Isotherm 
1.559 52.77 . .  57.0 . . KzCOa.3/2HzO 
1.563 51.23 2.64 . . .  . . K2C03.3/2H20 f D. S. 
1.562 50.77 2.85 49.16 7.99 D. S .  
1.554 50.28 3.02 48.95 8.03 D. S. 
1.549 49.77 . 3.22 48.48 7.92 D.S. 
1.545 49.48 3.33 . . .  . . D. S. + KHCOa 
1.538 48.14 3.56 46.41 7.03 KHCO3 
1.526 47.20 3.51 45.04 7.98 KHCOI 
1.484 43.89 4.41 38.00 17.00 KHCO3 
1.485 42.82 4.67 41.63 7.41 KHCO3 
1.402 34.71 7.35 30.00 20.00 KHC03 
1.316 23.36 12.19 20.00 25.00 KHCO3 
1.272 16:98 15.45 15.00 25.00 KHCOa 
1.228 10.00 19.31 9.00 28.00 KHCOs 
1.187 0.00 26.78 . . .  . . KHCOa 

35" Isotherm 

1.560 53.56 0.0 56.0 54.0 K ~ C O ~ . ~ / ~ H Z O  
1.573 51.68 3.28 . . .  . . K2COs.3/2HsO + D. S. 
1.563 50.99 3.48 49.96 7.00 D. S. 
1.564 50.58 3.62 50.00 7.00 D. S. 
1.556 50.00 3.92 48.52 9.00 D. S. 
1.656 49.51 4.27 48.08 7.99 D. S. + KHCOa 
1.548 48.93 4.27 46.96 8.00 KHCOJ 
1.441 37.73 7.50 34.97 13.99 KHC03 
1.329 23.04 14.21 20.00 24.98 KHCOa 
1.252 10.04 22.10 8.98 29.99 KHCOs 
1.208 0.97 28.82 . . .  . . KHCOs 
1.200 0.00 29.60 . . .  . . KHCO, 
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TABLE I (Concluded) 
Point in ---Satd, solution--- ~ O r i g .  complex- 
Fig. 1 Density KzCOa KHCOa KaCOa KHCOs Solid phases 

50 Isotherm 
A . . . 54.8 0 . 0  , . K2C03,3/2HzO 
B 1.584 52.85 3.83 . . .  . . KzC03.3/2HaO f D. S. 

1.581 51.97 4.40 . . . . .  D S .  
1.569 50.92 4.97 50.01 7.01 D. S. 

C 1.565 49.65 5.77 . . . . . D. S. + KHCOI 
D ... 0 . 0  34.2 . . .  . . KHCOa (Dibbetts) 

abbreviation D. S. is used for the double salt as solid phase, KzC03.2KH- 
COa+3/2HaO. 

At each of these four temperatures, there is clear proof of the existence 
of three solubility curves, one each for KzCOt.3/2HzO, for KHCOa, and for 
the double salt; the isothermal invariance of the points marked B and C 
was established by analyses of two or three solutions in each case, made up 

Fig. 1 . ~ 2 5 '  Isotherm for system KzC03-KHCOa-HeO. 

from varying ratios of the three components. The solubility curve for the 
compound is very short, covering only a concentration range of 1 to 2y0, 
as shown by the curve BC in Fig 1, the isotherm for 25' ; the narrow limits 
of this concentration give the explanation as to why the salt has been 
overlooked on so many occasions. Figure 2 has been drawn so as to show 
these solubility curves on a much larger scale, from which it appears that 
the range of stable existence for the double salt, always narrow, becomes 
more and more restricted as the temperature falls; a rough graphic extrapo- 
lation of the curves drawn through the B and C values indicates that the 
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salt must cease t o  have stable existence a t  some temperature not greatly 
below 5O. It was possible, however, to draw some a prior; conclusions as 
to this lower ternary transition temperature of the salt, by means of 
thermochemical considerations. Since the salt exists only above this 
temperature, it follows by application of the van't Hoff law of mobile 
equilibrium that the phase reaction by which it is formed from solution 
and the solid salts adjacent to  it in the diagram must be an endothermal 
reaction. If i t  were formed from the bicarbonate and the sesquihydrate 
K,C03.3/2H20, its formation would in all probability be exothermal, since 

Fig. 2.-System K2COa-KHCOrH10; partial isotherms. 

the reaction would be a simple additive reaction of the two salts. I n  order 
to have the reaction endothermal, the compound would have to  be formed 
from compounds of a higher degree of hydration; of such compounds, only 
one is known, the hexahydrate K2C03.6H20, which Hill and Millerlo have 
shown to exist only below -6.2'; it may be concluded, therefore, that  the 
ternary transition temperature of the compound is below -6.2O, and that 
the phase reaction is 

KzC036H20 + 2KHCOs t== K2COs.2KHCOa.3/2H20 + Solution - x  cal. 

Experimental confirmation of this reasoning was had by means of cooling 
curves of complexes made up to fall within the proper range a t  low tempera- 
tures; they were first cooled to about -8' and seeded with the compound 

lo Hill and Miller, THIS JOURNAL, 49, 669 (1927). 
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KzC03.6H20 which can be secured only by undercooling potassium carbon- 
ate solution to below -20°.10 The temperature then rose nearly to -6.2', 
indicating that the transition temperature of hydrated potassium carbonate 
is but slightly affected by the small amount of bicarbonate in the solution. 
On being subjected to the temperature of an ice-salt bath, the solution 
could be undercooled a few tenths of a degree but showed a long continued 
halt a t  - 9.2', this being taken as the decomposition temperature of the com- 
pound. Efforts to secure a halt in the warming curve were all fruitless, 
indicating that the formation of the compound is not a rapid reaction. 
Tnasmuch as the ternary transition temperature could not be confirmed on 
rise of temperature the best approximation is the temperature -9.2', 
which is the highest temperature obtained on the cooling curve. 

Composition of the Compound.-Early in the work i t  became apparent 
that the compound could not possibly have the composition assigned to it 
by Fluckiger or by Bauer and Rammelsberg; the tie lines in the area for the 
compound showed at  each temperature a much steeper inclination toward 
the base line of Fig. 1 than could be made to pass through the alleged 
composition of the salt. This indicated that the compound must contain 
either more potassium carbonate than assigned to it previously or less 
water; a decision could not be arrived a t  through this means alone, for the 
extrapolation of lines so nearly parallel as are the tie lines in this narrow 
area would require an accuracy of analysis which is not attainable. In- 
spection of the original analytical data of the three authors mentioned 
showed that their agreement with the proposed formulas was really a fic- 
titious one; arranged by them in terms of percentage of &O and COz 
found, the agreement with the formulas did not look bad, but when re- 
calculated to  the ratio of KzC08 to KHC08 the disagreement is startling. 
The results of the calculation are given in Table 11, together with the criti- 
cal analysis discussed later in this paper. 

Ratio Moles KzCOs 
Moles KHCOa Proposed formula 

Rammelsberg 1883 1.00:2.57 KzC03.2KHC03.3HaO 
Bauer 1883 1.00:2.27 K Z C O ~ . ~ K H C O ~ - ~ H L O  
Fliickiger 1883 1.00:2.08 KZC03.2KHCOa.5H20 
Hill 1930 1 .OO: 1.94 KzC03.2KHC03.3/2H20 

Examination of these figures makes i t  problematical why Rammelsberg 
should assign the formula for a 1:2 ratio when the ratio found is less than 
2:5. The results of Bauer and Fluckiger, while nearer to the 1:2 ratio, are 
still distinctly high, and the water content given is very much higher in 
all three cases than I have found i t  to be. The explanation is not hard 
t o  give for all three cases; the solids used for analysis in every instance 
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must have contained as impurity solid K H C 4  and solution, the latter 
tending to give a high value for water and (by its high K9C03 content) 
tending also to give a high figure for K2C03 and thus to  counteract the effect 
of the first impurity. Since the ratios are nevertheless high in KHC03 
content, the samples must have contained very large amottnts of solid 
KHC03. 

Although the necessary conditions for obtaining a pure specimen of a. salt 
showing incongruent solubility follow quite directly from phase-rule con- 
siderations, these conditions do not appear to have been stated often and 
have been observed still less often. A brief discussion of them is not out of 
place. The first necessary condition is that the co~npound be isolated 
after a complete phase-rule study a t  the temperature decided upon, to in- 
sure that i t  has been precipitated as the one solid phase in equilibrium with 
its saturated solution and not as one of the two phases precipitated from 
isothermally invariant mixtures, such as those covering the large areas 
BEF and GCF of Fig. 1. Second, comes the trying question of the 
mother liquor, which in all cases of incongruent solubility is different in 
composition from the salt and in this case is very widely different. Re- 
crystallization from water is, of course, out of the question, since water 
brings about the decomposition of an incongruently soluble salt. Removal 
of as much mother liquor as possible, by mechanical means such as centri- 
fuging, is highly desirable; but the essential point is that, inasmuch as 
mother liquor is necessarily present, its amount shall be definitely known, 
so that a correction of the final analysis niay be made. The practice of 
allowing the moist crystals to undergo air-drying before analysis is entirely 
useless, except in so far as i t  reduces the water content to a closer approxima- 
tion to the truth; the salt is then contaminated by the residuum from the 
evaporated mother liquor, the amount of that contamination being en- 
tirely unknown and not capable of being allowed for in the calculation. 
To determine the amount of such mother liquor, the well-separated crystals 
may be placed in a desiccator over the next lower hydrate and brought to 
constant weight; the loss of water corresponds to a definite precipitation of 
salts, known in amount and character from the analysis of the solution, 
which quantities may then be introduced into the subsequent analysis as a 
perfectly definite and reliable correction. Such a procedure will give ma- 
terial which may be analyzed with confidence as to its composition in re- 
spect to salts and also as to  water of crystallization. 

Preliminary examination by this method showed that the double salt of 
this discussion contained K2C03 and KHCO, in ratio close to  1.00 t o  2.00, 
and that the water content is between 7 and 8%. The water of crystalliza- 
tion, as reported by Rammelsberg, Bauer and Fliickiger, is of the order of 15 
to 20%, showing the presence of a very large amount of mother liquor in 
the moist crystals; such large amounts are inevitable if simple filtration is 
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used with so highly concentrated a solution as exists in this case. The 
clear deduction as to these three analyses is that those investigators ana- 
lyzed very wet samples, and therefore found the apparent water of hydra- 
tion much too high. This large amount of mother liquor would give the 
crystals a large excess of K2C03 over the true ratio; to account for the fact 
that the analyses show, on the contrary, too much KHC03, we must believe 
that the systems, a t  the time the samples were taken, were represented by 
complexes within the isothermally invariant triangle FCG and that the 
solid was, therefore, a mixture of the double salt with excess KIIC03. 
This accords wholly with Rammelsberg's and Bauer's method of prepara- 
tion by partial decomposition of a solution saturated with KHCOs. 

For a final analysis, a large sample of double salt was prepared from a 
solution analyzing as containing 49.96% K2C03, 1.03% KHC04 and 48.11 % 
HzO, falling on the solubility curve for the double salt a t  5'. The sam- 
ple was centrifuged for two minutes a t  4000 r. p. m., and brought to constant 
weight over double salt partially dehydrated by sulfuric acid. The water 
lost as water of solution for two samples was, respectively, 2.7 and 5.65% 
of the wet solid. Table I11 gives the results for the two samples. 

Analysis % Calcd. for 
of dried Molar 2d cor- Molar K2COa.- 

sample, % Corrected, % ratio rection, % ratio 2KHCOa.3/2WzO 

Sample 2 
KzCOs 42 21 38.99 1.00 38.60 1.00 37.82 
KHCOa 46.78 52.28 1.85 54.00 1.93 54 78 
Hz0 11.01 8.73 1.71 7 .40  1.47 7.40 

In  Col. 2 are given the results of the analyses of the samples as brought 
to constant weight. Column 3 gives the results corrected for the loss of 
2.7 and 5.65% of water of solution from the wet samples. These cor- 
rected results show, by the molar ratio of Col. 4, that the two salts approx- 
imate a 1:2 ratio, and that the water of hydration is distinctly less than 
two moles. From this it may be assumed that the water of hydration is 
probably 1.5 moles, corresponding to that of the sesqui-hydrated potassium 
carbonate. On that basis a further correction may be made, namely, that 
the slight excess of water found (0.59 and 1.33%) represents mother liquor 
enclosed by the process of drying, and not given up during the drying 
periods, which were ten and thirty days, respectively. We can then 
determine algebraically the excess solution still present and correct for its 
presence, as in the former case. Correcting SO as to bring the water content 
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down to the assumed value of 7.40%, we have the figures of Col. 5 and the 
molar ratio of Col. 6, which agree with the calculated values as closely as 
may be expected. The formula of the salt is thereby established as 
K~C0r2KHC03.3/2H10, an addition compound of KzCOa.3/2H20 and 
KHCOs without change in hydration. 

Summary 
1. Isotherms have been constructed for the ternary system KsCOr 

KHCOrHlO a t  5, 25, 35 and 50'. 
2. The double salt first observed by Berthollet has been found to have a 

stable existence in contact with solution from -9.2', its lower transition 
temperature, to something above 50°, but always within a very narrow 
range of concentrations. 

3. A critique is offered of the methods for preparing incongruently 
soluble double salts for analysis. 
4. The formula of the double salt is found to be KzCO3.2KHCOa.3/2- 

H20. 
NEW YORK, N. Y. 

THE QUENCHING OF MERCURY RESONANCE RADIATION. I. 
THE SATURATED HYDROCARBONS 

The reactions of the saturated hydrocarbons under the influence of ex- 
cited mercury atoms have been studied by Taylor and Hill,' who found 
that, with the exception of methane, they are all decomposed to give 
hydrogen, methane and high-boiling mixtures such as are obtained in the 
thermal "cracking" of hydrocarbons. This behavior, which is analogous to  
that observed in the presence of hydrogen atoms,2 seemed worthy of fur- 
ther study to determine whether the inactivity of methane arose from 
its inability to receive the energy of the mercury atom or whether i t  was 
similar to the case of hydrogen and excited cadmium where the 
energy is transferred, but no reaction results. 

Measurements have therefore been made of the quenching of mercury 
resonance radiation by the four hydrocarbons-methane, ethane, propane 
and butane-which make quite clear the reasons for the results obtained 
by Taylor and Hill and also furnish values for the collision radii for colli- 
sions of the second kind between excited mercury atoms and the hydro- 

Taylor and Hill, THIS JOURNAL, 51, 2922 (1929). 
"onhoeffer and Harteck, 2. physik. Chem., 139, 64 (1928). 
3 Bates, Proc. Nut. Acad. Sci.. 14,849 (1928). 
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carbons, which are becoming of interest in the light of recent theoretical 
considerations of such collisions. 

Experimental 
The method used is that  due t o  Z e m a n ~ k y . ~  A source of mercury resonance light 

(L in Fig. 1) is focused on one quartz window of a resonance lamp T ,  which consists of a 
tube containing mercury vapor a t  a definite pressure. The resonance light excited is 
then taken out of the quartz window perpendicular t o  the first and collimated by a ?ens. 
This parallel light is passed through a cell (B) of 8 mm. thickness and 40 mm. diameter, 

immediately behind which is an iris diaphragm. 
Behind this is a quartz platinum hydrogen filled 
photo-electric cell which can be moved so that it  
is either in contact with the diaphragm (position 
R) or a t  a distance of 15 cm. The photo-electric 
current is measured by a Compton quadrant 

- electrometer. 
In  measuring the quenching a reading is I-..... 

taken with B containing mercury vapor a t  20°, 
and the photo-electric cell a t  R. The cell is then 
moved back to a position which records only the 
paral!el light passing through the diaphragm. 

Fig. 1. The difference between these two readings 
IR - I, is the resonance light emitted by B. 

With the  photo-cell a t  R, readings are then taken a t  various pressures of the foreign 
gas whose quenching is to  be determined. The percentage of resonance light emitted, 
J, is then calculated from the equation 

As a source of light a mercury arc rich in resonance light, which has already been 
described.6 was used. 

I n  order t o  have a standard by means of which fluctuations of the intensity of reso- 
nance light emitted by the resonance lamp could be corrected for, the cell B was made 
movable and could be replaced by a fused quartz window covered with a film of gelatin. 
Immediately before and after each reading of the resonance light a reading of the light 
transmitted by this "standard" was made. 

T o  have as  monochromatic resonance light as possible the precautions described by 
Kunzes were taken in constructing the resonance lamp. 

Preparation of the Gases.-The hydrocarbons were obtained from cylinders con- 
taining these gases, whose source was natural gas. It was thought these would be con- 
siderably freer from hydrogen than any laboratory source. Since hydrogen is known t o  
quench mercury resonance radiation a t  pressures of the order of 0.01 mm., it  was im- 
portant t o  insure its absence. 

Methane, propane and butane were taken from the tank, dried over phosphorus 
pentoxide, frozen out and redistilled twice in vacuo, the middle fraction being taken both 
times. 

Ethane, which contained 10-15% ethylene as it came from the tank, was twice 
bubbled through saturated bromine water and carried a distance of approximately 

Zemansky, Phys. Rm.. 36,919 (1930). 
Taylor, THIS JOURNAL, 48, 2840 (1926); Bates and Taylor, ibid., 49, 2483 (1027). 
Kunze, Ann. Physik, 85, 1013 (1928). 
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three meters saturated with bromine vapor, then through sodium hydroxide solution, 
soda lime and phosphorus pentoxide. Higher-boiling substances such as  bromine and 
bromides were removed by a solid carbon dioxide-ether mixture. It was then subjected 
t o  the distillations as in the other cases. 

The intensity of the light falling upon the cell from the resonance lamp is very small 
and quite insufficient t o  bring about enough decomposition of the hydrocarbons into 
hydrogen t o  affect the values observed. Furthermore, this was experimentally shown 
by the following method. The gas was admitted in successive small quantities, a read- 
ing being taken after each addition. This process takes about six hours, allowing sue- 
cient time t o  reestablish the equilibrium vapor pressure of mercury. disturbed by  the  
flow of gas into the cell. The gas was then pumped out in successive quantities, read- 
ings were again taken and found t o  agree within the experimental error with those ob- 
served previously. 

Experimental Results 

The quenching curves for the hydrocarbons are given in Figs. 2 and 3. 
They are represented by plotting J, the percentage of resonance light 
emitted, against the pressure of the various gases. 

In determining the effi- 
ciencies of collisions between 
excited mercury atoms and 90 

foreign gas molecules, it has 
been the custom to take the 80 

value of the pressure where 
J equaled 50% and, assum- 70 

ing this to be the pressure a t  1 2 3 4 5  10 15 
Pressure in mm. 

which the mercury atom has 
Fig. 2.-Methane. 

an equal chance of emitting 
or losing its energy on collision, calculate the number of fruitful  collision^.^ 
However, Zemanskyg has derived a more exact relationship where ~k = f 
(J,p,a,d); 7 being the mean life of an excited mercury atom in the Z3P1 
state (10-7 sec.), k the number of second kind collisions per atom per 
second, p the vapor pressure of mercury in the cell, a the absorption coeffi- 
cient of mercury under the conditions employed, and d the thickness of 
the cell. From ~k the value a ~ ,  or collision distance between excited 
mercury atoms and foreign gases, can be obtained from the gas kinetic 
equation 

K = 2 ~ ;  X 9.81 X loi8 $. (1) 

Substituting for T = 293.0°, and multiplying through by T 

Q: = 
3355 .\I& + ; 

' Stuart, 2. Physik, 32, 262 (1925). 
' Zemansky, Phys. Rev., 31, 812 (1928). 



3828 JOHN R. BATES Vol. 52 

Since the relationship between ~k and J involves a laborious calcu- 
lation involving the absorption coefficient of mercury, which could not be 
accurately determined by the system as set up, a curve representing this 

dependence was obtained from a curve of ~ k  against p  obtained through 
the kindness of Dr. Zemansky, who measured propane taken from the 
same sample as that used in the present measurements. From this and 

the propane curve in Fig. 3, 
the curve in Fig. 4 was ob- 
tained. Then from a knowl- - 

- edge of J:P and rk:J (Figs. 
- 3 and 4) the final results 

S 70- - in Fig. 5, which give the 
- - number of collisions of the 

60 - - second kind per excited - - 
mercury atom at  any given 
foreign gas pressure, were 
obtained. The relation- 

0.05 0.10 O. lS  ships for the various hydro- 
r k .  carbons are remarkably 

Fig. 4. linear with respect to pres- 
sure, which is as expected. The slope of these curves gives T K / $  which, 
when placed in the numerator of Equation 2, gives values for a ~ .  

In  Table I are shown the values of ~ k / p ,  and a; thus obtained, together 
with a$ from kinetic theory. The values are accurate to within 5% and 
within themselves agree probably to a much better value. 
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TABLE I 
RESULTS 

Gas r K / P  ok X 101e ck X 1O1s0 

CHI 0.004 0.059 11.6 
CiHs .021 .421 16.4 
'3% .0695 1.60 217? 
C&lo .I58 4.06 118? 
a: 1.13 6.01 8.89 

" Herzfeld, "Handbuch der Physik," Vol. 22, p. 409. 
~ ~ a k e n  from Zemansky for comparison. 

From the ~ k / p  values it can be seen immediately that the relative 
probability of a transfer of the energy of the mercury atom does decrease 
as we go from butane down to methane, reaching a very small value for 
the latter. However, this does not indicate that methane should he en- 
tirely unaffected, especially at  high pressure, if the energy is given over 

0.2 0.6 1.0 2.0 3.0 
Pressure in mm. 

Fig. 5. 

a t  all. There is always the possibility that the mercury atom only gives 
up the 0.2 volt which separates the Z3P1 state from the metastable 23Po 
level, which process is known to occur in many cases, e. g., helium, car- 
bon monoxide, nitrogen, water, etc. In this case the energy transferred, 
being too small to bring about any chemical reaction, would be accommo- 
dated in the translational and vibrational degrees of freedom of the methane 
molecule, and at low pressures the metastable mercury atom, having a 
long life, would diffuse to the walls and give up the remaining energy. 
At higher pressures, where the metastable atoms make a large number 
of collisions in diffusing to the walls, there is a probability that in some 
collision there will be sufficient kinetic energy available to bring the mer- 
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cury atom back to the 23P1 level, where i t  may either radiate or be quenched 
once more.% The effect of this would obviously be to lower the apparent 
quenching at high pressures, 

In  order to see whether this occurred, the measurements on methane 
were extended to pressures of 200 mm. The results are plotted in Curve 
I of Fig. 6. The value of J at  first decreases and then increases to im- 
possibly high values, due to decreased absorption of mercury vapor in 
the presence of methane at higher pressures. The latter was determined 
by measurement and shown in Fig. 7, expressed as percentage transnixis- 
sion with transmission in vacuo 100%.1° It will be seen that this change 

Pressure in mm. 

Fig. 6. 

in absorption will not affect the results in Fig. 2, since a t  the pressures 
there considered, there is no measurable difference from vacuum condi- 
tions. However, a t  high pressures the equation J = (IRp - Im,)/- 
(IRv - I mv) must now have I cop, instead of I in the numerator. This 
correction, applied to Curve I in Fig. 6, gives Curve 11. An additional 
correction to this, due to the fact that, with lower absorption, there is 
naturally proportionately lower emission of resonance light, gives as the 
final result I11 for the corrected quenching curve of methane a t  high pres- 
sures, obtained by multiplying the values of I1 by the corresponding values 

See Foote, Phys. Rw., 30,288 (1927), and many other papers. 
lo The shape of the curve is very readily understood when it  is realized that  the 

line emitted even by a resonance lamp is somewhat broader than the Doppler breadth 
of mercury absorption in vacuo. Hence when the absorption line is a t  first broadened 
absorption increases, until the breadths coincide, after which there is a decrease. See 
Zemansky, Orthmann, and others for a quantitative treatment of this effect. 
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of transmission as obtained from Fig. 7'. While this is perhaps not exact, 
due to  the necessary asstrmptions, it is a very close approximation, and is 
what would be expected for a gas which quenched by lowering the mer- 
cury atoms to the metastable level. These atoms are able t o  diffuse to  
the walls and give up their energy to a pressure of about 10 mm., where 
an appreciable number begin to be returned to the 23P1 level. This is 
also an indication that the methane used was surprisingly free from hy- 
drogen, since metastable mercury atoms are efficiently quenched by this 
gas.ll The values for ethane are shown up to 20 mm. (the curve con- 
tinued for somewhat higher pressures) to show that there is no break 
similar to that in methane. This does not necessarily mean that  ethane 
does not bring some atoms to the metastable level, but, that  if it does 

Methane pressure in mm. 
Fig. 7. 

bring any considerable number, the transfer between these atoms and the 
ethane molecule is extremely efficient. Water, for instance, is known to  
bring about both types of transfer.12 

Discussion of Results 

The fact that methane quenches mercury resonance radiation in the 
same manner as the more inert type of gas molecules is quite in agreement 
with the other properties of the methane molecule.13 

It is interesting to compare the pressure a t  which the methane quenching 
curve undergoes a break (about 10 mm.) with the value of the minimum 
in Zemansky's8 determination of P ,  the exponential in the expression 
for the lifetime of an excited mercury atom in the presence of nitrogen, 
which is a t  8 mm. These should roughly correspond, since the minimum 
in the p-curve is also due to the presence of a large number of metastable 
atoms, which are prevented from diffusing to the walls. 

A calculation of the number of collisions made by a mercury atom in 
Meyer, 2. Physik, 37, 639 (1926). 

lP Gaviola, Phil. Mag., 6, 1191 (1928). 
l 8  Glockler, THIS JOURNAL, 48, 2021 (1926). 
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diffusing a distance of 1.5 mm. (the average distance traveled in a layer 
3 mm. thick, where, in the side of the cell nearest the source of light, about 
50% of the excited atoms are formed) using the Einstein displacement 
equation 

A X 2  = 2Dt 

where t is the time in seconds and D the diffusion coefficient, obtained 
from the value for that of mercury into nitrogen (the values of diffusion 
coefficients into methane and nitrogen are, as a rule, very close in value) 
in the "International Critical Tables," and the value of K,  the number 
of collisions per second per atom, gives a value of 7 X lo4. The number 
of collisions made in which one has sufficient energy available to raise a 
metastable atom to the 23P1 state is about 2.5 X los, making every atom, 
in diffusing this distance, suffer about 28 collisions in which i t  might be 
raised t o  the higher level. 

These results explain very satisfactorily why methane does not react 
as do the other hydrocarbons, since it cannot obtain sufficient energy 
from the excited mercury atoms, 

The mechanism of the reactions of the higher hydrocarbons is in all 
probability quite complicated. In all cases, as soon as some hydrogen 
is formed, the reactions go in two ways-by the direct action of the ex- 
cited mercury atoms on the hydrocarbons, and also by the reaction of 
hydrogen atoms produced by collisions with hydrogen molecules. From 
the ratios of the ~ K j p  values in Table I we can see that with ethane there 
is an equal probability of hydrogen atom or hydrocarbon decomposition, 
when hydrogen is present to the extent of 2%, with propane a t  6% and 
butane a t  15%. Thus, in those reactions of Taylor and Hill where hy- 
drogen predominated, the majority of the action came through the agency 
of hydrogen atoms. 

Thanks are due Dr. M. Zemansky for much helpful advice and dis- 
cussion during the course of this work. 

Summary 

The quenching of mercury resonance radiation by the gases methane, 
ethane, propane and butane has been measured, and values for the effec- 
tive collision cross section have been calculated. Methane has been 
shown to  quench to the metastable level. The results are in agreement 
with the mercury photosensitized decompositions of these hydrocarbons. 

PRINCETON, NEW JERSEY 
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[CONTRIBUTION FROM THE DEP~~RTMENT O F  CHEM~STRY OP ST. ~ U I S  U N I V ~ ~ R S I ~ ]  

AN X-RAY STUDY OF THE CONSTITUTION OF SOME 
COPPER-NICKEL-ALUMINUM-MANGANESE ALLOYS' 

Previous workla has shown that certain copper-nickel-aluminum- 
manganese alloys composed of lajo Mn, 2-6% A1 and having a nickel- 
copper ratio of 1.5-2.5 possess some very valuable properties. Some of 
these alloys will effectively resist corrosion by strong nitric acid for long 
periods of time, have tensile strengths of from 60,000 to 100,000 pounds per 
square inch and can be machined very easily. The manganese appears to  
have a very important influence on the tensile strength, the alloys contain- 
ing 1% of manganese having approximately double the tensile strength of 
those without it. 

A comparison has also been made between the properties of these alloys 
when chill-cast, sand-cast and annealed and the equilibrium diagram stud- 
ied by means of cooling curves, photomicrographs and density changes2 
It has been shown that these alloys are for the most part composed of one 
kind of solid solution but a second constituent was indicated which could 
not be positively identified by means of photomicrographs. In  view of this 
fact an x-ray study has been made of the part of the system copper- 
nickel-aluminum-manganese having the composition indicated above. 

Methods and Apparatus.-The apparatus was constructed according 
to suggestions of Wyckoff3 and Bain.' The sample was reduced t o  a 200- 
mesh powder and rotated a t  the center of an arc of approximately 10 cm. 
radius inside of which the x-ray film was placed. The film holder was 
arranged so that the first few lines of the pattern were obtained on each 
side of the zero. The film holder was standardized by using sodium 
chloride as a standard, the salt being mixed with the sample in order to  
avoid errors due to differences in densities. The tube, which had a molyb- 
denum target, was operated continuously at 35 kv. and 10 ma. and the 
x-rays were filtered through zirconia. The rays used were the hloKa! 
doublet. 

Table I shows data for check runs for salt and for one of the alloys where 
L stands for the film distances in millimeters from the zero beam to  the 

Read before the physical and inorganic section of the Atlanta Meeting of the 
American Chemical Society. 

la I,. J. Wood and S. W. Parr, Preprint of the American Institute of Chemical 
Engineers, December 2. 1925. 

L J Wood, J. Phys. Chem., 31,1693-1703 (1927). 
Wyckoff, "The Structure of Crystals," The Chemical Catalog Co., New York, 

1924. 
Bain. C k m .  Met., 25,667-663 (1921). 
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middle of the lines indi~ated.~ By taking 5.628 A. for the cube edge of 
sodium chloride and 0.710 A. for the average wave length of the MoKa 
doublet and substituting into the formula nX = 2d sin 8 and setting 8 
proportional to L, we get 8 = 0.2949L for this particular film holder when 
using the MoKa doublet. 

TABLE I 
COMPARISON OP DATA FROM DUPLICATE RUNS 

Equations: L = Distance from zero to middle of line in mm. 
Indices L L L 

Material (hko 1st run 2d run Av. 

200 24.55 24.6 24.58 
220 34.95 34.8 34.88 

Rock salt 222 42.75 42 8 42.78 
400 49.75 49.6 49.68 
420 55.55 55 7 55.63 

Alloy 104 111 34.15 34.21 34.18 

TABLE 11 
COMPARISON OP OBSERVED DATA FOR ROCK SALT WITH CALCULATED VALUES 

Equations. X(h2 + k 2 + ~") ' /~j2a  = Sin 8; 6 = 0.2945L 
Indices (hkl) Sin 8 L (calcd.) L Cobs.) 

200 0.12613 . ... 24.58 
220 .I7833 34.84 34 .88 
222 .21853 42.80 42.78 
400 .25235 49.56 49.68 
420 ,28213 55.58 55.63 

The data given in Table I1 show that the sample was located a t  the 
center of a perfect arc within the limit of measurement, which from Table I 
appears to be somewhat less than 0.1 mm. along the film which corresponds 
to  an arc of about 1'30'' or about *0.005 A. in terms of interplanar dis- 
tances. 

Results.-The alloys examined had the composition indicated in 
Table VI and were all annealed as previously described. Table 111 shows 
the data obtained in the case of one of the alloys. The observed data are 
compared with values calculated for a face-centered cube and are seen to 
check within the limit of error in measurement. The sum of the squares 
of the hkl indices of the planes which give lines in the case of a face-centered 
cube (pure metal) are 3,4,  8, 11, 12, 16, 19, 20, 24, etc. The number and 
arrangement of the lines obtained for this alloy are in perfect agreement 
with the assumption of a face-centered cube. 

Table IV shows the results of some intensity measurements made by 
means of a differential photo-electric photometer built according to a 
description by Richtmyer. (The author's sincere thanks are hereby 
expressed to  Dr. F. E. Poindexter of the Physics Department of St. Louis 

Clark's nomenclature has been adopted, "Applied X-Rays," McGraw-Hill 
Book Co., Inc., New York, 1927. 
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TABLE 111 
BLI,OY 127. COMPARISON OF OBSERVED FILM DISTANCES WITH CALCULATED DISTANCES 

FOR A FACE-CENTERED CUBE 
 equation^:^ ~ ( h z  + k2 + /z)'/p/2a = Sin 8; 8 = 0.2949L 

lrtdic~s (Irkl) Sin 8 L (calculated) L (obsetved) 

111 0.17320" . . 38.8 mm. 
200 . 2 0 0  39.1 39.2 
220 .28280 55.7 55.9 
311 .33166 05.7 65.8 
222 .34C41 68 7 68.6 
400 .40000 79.9 
331 .43589 87.6 87.7 
420 .44721 90.1 90.2 
422 .48990 99.4 99.3 

" a = 3.555 b;. calculated from L = 33.8 millimeters. * Calculated from L = 33.8. 
" Very faint line. Could not measure accurately. 

TABLE IV 
PHOTOMETRIC DATA 

Relative densities of lines (Obs.) Density ratios 
Alloy 111 200 220 311 111/220 111/311 

132 10 8 . 2  4 . 5  4 .2  2 . 2  2.4 
127 10 6 . 4  4 .8  3.5 2 .1  2.8 
100 10 6 . 6  4.6 2 .2  (I 

Calcd. 10 5.4 4 . 7  6 . 5  2 .1  1.5 

" Light film. 

University for the use of this apparatus.) A comparison of observed values 
with values calculated on the assumption of a face-centered cube shows 
very close agreement. 

Table V shows the experimental data obtained for the alloys examined 
when a stands for the unit cube edge and A stands for the average atomic 
weight. The calculated values of a were obtained by means of the third 
equation given in the heading of the table. The values of A used in these 
calculations were obtained by means of the last equation given in the same 
heading, which assumes a substitutional solid solution. The values of a 
observed from the different planes vary among themselves slightly, which 
is not surprising in view of the fact that we are dealing with a solid solution 
and hence the distribution of a given kind of atom in the various sets of 
parallel planes may vary. Also, the calculated values for a are in some 
cases appreciably larger than the observed values, a possible explanation 
for which will be offered below. 

The observed values of a obtained from the 111 planes are considered 
most reliable, for in these cases the values of L were obtained by measuring 
the film distance between corresponding lines on the two sides of the zero 
beam and dividing the distance by two. The values of L for the other sets 
of planes mere obtained by measuring from the Il l  lines and adding t o  the 
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TABLE: V 
COMPARISON OF EXPERIMENTALLY DETERMINED VALUES OF a WITH THE CALCULATED 

VALUES 

Equations: 8 = 0.2949L; X(ha + kZ + 12)'/8/2 Sin 0 = a (Exp.) 

Lin mm. Linmm. L inmm.  a a a a 
Alloy 111 220 311 111 220 311 (calcd.) 

104 34.2 56.3 66.2 3.510 3.515 3.525 3.560 
105 34.2 55.8 66.1 3.515 3.550 3.530 3.565 
106 34.2 56.0 66.5 3.510 3.530 3.505 3.565 
108 34.0 56.0 66.0 3 530 3 530 3.535 3.560 
109 3 4 0  56.1 66.4 3.535 3.530 3515 3.605 
113 33.9 56.0 66.5 3.540 3.530 3.510 3.560 
127 33.8 55.9 65.8 3.555 3540 3.545 3.560 
132 33.9 55.8 65.9 3.545 3.540 3.540 3.570 
133 34.1 56.6 67.0 3.520 3.495 3.485 3.565 
134 34.2 56.3 66.4 3.515 3.515 3.515 3.560 
137 34.1 56.6 66.1 3.525 3.500 3.530 3.570 
138 33.7 55.4 65.5 3.570 3.570 3.560 3.550 
140 33.8 " a 3.555 3.570 

" Light film. 

L value for the 111 planes. The absolute error in measuring the values for 
L for the 111 planes is thus seen to be one-half that for the other planes. 

The observed values for a obtained from the 111 planes are shown in 
Table VI. The values for a are compared with the nickel-copper ratio for 

TABLE VI 
COMPARISON OF OBSERVED VALUES OF a WITH CALCULATED VALUES 

No. Mn, % Al, % Ni/Cu a (obs.) a (calcd.) 

133 1 2 1.94 3.520 3.565 
134 1 2 2.03 3.515 3.560 
104 1 2 2.23 3.510 3.560 
113 1 2 2.34 3.540 3.560 
140 1 3 1.51 3.555 3 .570 
108 1 3 2.31 3.530 3.560 
132 1 4 1.88 3.545 3.570 
137 1 4 2.00 3.525 3.570 
127 1 4 2.06 3.555 3.560 
106 1 4 2.28 3.510 3.560 
138 1 6 1.82 3.570 3.580 
105 1 6 2.23 3.515 3.565 

a constant aluminum content. The cube edge generally increases with 
rising aluminum content and falls with rising nickel-copper ratio, which in 
each case is what would be expected if the alloys are solid solution of one 
kind. In  two or three cases the observed values almost reach the calcu- 
lated values while the others are lower. These facts can be explained if it 
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is assumed that in the case of most of the alloys not all of the aluminum is 
held in what has been called the a-solid solution. On a few films a few 
"Extra Lines," i. e., lines not belonging to the a-solid solution pattern, 
were found. The locations of these lines are given in Table VII. 

TABLE VII 
COMPARISON OF OBSERVED FILB~ DISTANCES FOR LINES NOT BELONGING TO THE FACE- 
CENTERED PATTERN OF THE (I-SOLID SOLUTION WITH CALCULATED FILM DISTANCES FOR 

SOME POSSIBLE LINES 
Film distances (calculated) Film distances (observed) 

A1 Mu Mu Al Ni Al Cu 104 106 113 100 127 
56 20 uu- 

Forma F.C. atoms atoms B. C. Y' No Mn annealed 

a 4.043 8.89 6.289 2.82 8.674 
(111) (321) 
29 67 29.63 29.95 
(200) (330) (221) (110) 
34.31 3 3 0 8  3 3 0 6  34.81 

(332) (310) 
36.61 34.86 
(510) (311) 
39.84 36.59 

(521) 
43 93 44.76 43 43.65 

(220) (200) (61 1) (532) 
48.76 49.45 49.55 50.8 51.0 49.55 
" All of these are taken as some form of cubic lattice. 

Equilibrium Diagram.-Both the photomicrographs and x-ray patterns 
show conclusively that these alloys are in the main a-solid solution. Ac- 
cording to Austin and M ~ r p h y , ~  alloys of copper and nickel with up to 
about 10% of aluminum should form the a-solid solution a t  temperatures 
just below the solidus. With alloys higher in aluminum these authors 
indicated the formation of a eutectic constituted of a- and 0-solid solutions, 
the &solid solution resulting from a solution of NiAl and Cu3Al in each 
other. Evidence presented by Guillet7 and the present author indicates 
that aluminum is less soluble in copper and nickel at  lower temperatures, 
especially when the percentage of copper is lowered. Jette, Phragmen and 
Westgrens did not find evidence for Cu& in copper-aluminum alloys. 
These authors found aluminum dissolving in copper up to 8% and also 
evidence for a 7'-phase, the cube edge of which varied from 8.704 to 8.652 A. 
for alloys with 16-25010 aluminum. 

Discussion.-The results shown in Table V seem to indicate that  in the 
case of most of the alloys not all of the aluminum was held in the solid 
solution. The physical properties of these alloys, photomicrographs and 

0 Austin and Murphy, J. Inst. Met., 29,327 (1923). 
Guillet, Compt. rend., 158, 704 (1914). 

"ette, Phragmen and Westgren, J. Imct. Met., 31,193 (1924). 



3838 LYMAN J. WOOD Vol. 52 

the "Bxtra Lines" listed in Table VII indicate a second phase of some sort. 
It might be expected that this second phase would be a solid solution the 
composition of which is not known at  the present time. The "Extra 
Lines" occur on the films a t  about the correct positions for a solid solution 
having a cube edge of 8.674 A. (see Table VII), which is intermediate 
between the high and low values given by Westgren for the yr-phase in 
copper-aluminum alloys. It might not be unreasonable to expect a similar 
y'-phase in nickel-copper-aluminum alloys, since nickel and copper are 
known to form a continuous series of solid solutions. However, the "Extra 
Lines" could be almost equally well explained as being derived from solid 
solutions having, respectively, cube edges of 4.54, 6.42 or 7.51 A. Which 
of these, if any, is correct will have to be determined by further work. 

Some preliminary results indicate that the cube edges for the unannealed 
alloys are larger than the values given in Table V for the annealed alloys, 
indicating more 'aluminum held in the a-solid solution in the sand-cast 
(unannealed) condition than in the annealed condition. This is in agree- 
ment with the results obtained from the photomicrographs but is in ap- 
parent disagreement with the x-ray evidence for alloy number 127 in which 
case "Extra Lines" (evidence for a second phase) were found for the un- 
annealed alloy but none for the annealed. 

The x-ray study of this alloy system is being continued in order to define 
more clearly, if possible, the nature and constitution of the second phase, 
evidence for which has been given. It is also proposed to study some chill- 
cast alloys of these same compositions, in order to determine whether or not 
more aluminum is held in solid solution when the alloy is cooled rapidly. 

The present study has not thrown any new light on the important 
influence of the 1% of manganese on the physical properties of these alloys. 

Summary 

An x-ray study has been made of the constitution of some copper-nickel- 
aluminum-manganese alloys. Previous work has already indicated that 
these alloys are in the main a-solid solutions. The present x-ray examina- 
tion confirms this former finding. Some evidence for a second constituent 
is presented but complete identification has not yet been made. 

ST. LOUIS, MISSOURI 
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The vapor pressure of liquid fluorine has heretofore been known at only 
one point, the boiling point being given by Moissan and Dewar as approxi. 
mately - 1 8 7 O . l  It seemed worth while, therefore, to utilize the equipment 
and experience available in this Laboratory to determine the vapor pressure 
of this element over a range of temperatures. 

Experimental 
Fluorine was generated by the electrolysis of fused potassium bi0uoride in a n  appa- 

ratus of the type designed by Argo, Mathers, Humiston and Anderson2 a s  modified by 
S i m ~ n s . ~  The generator now in use has been further modified by incxeasing its capacity 
to  2.4 liters and by casting the vessel with a disk attached to the top rim of the  cylinder 
sufficiently wide t o  cover the electrical heating coils and 
their insulating packing The outer edge of the disk was 
further provided with a vcrtical rim. It had been found 
in working with the older form of generator that the 
electrolyte gradually crept oter  the rim of the containing 
vessel and worked down to the heating circuit. The 
present arrangement successfully prevents this difficulty. 

Fluorine from the generator was passed through the 
copper trap, A (see Fig. I ) ,  which was kept a t  a ternpera- 
tureof about 80°K. by a bath of liqiiid air rich in oxygen. 
This vessel served to remove impurities less volatile than 
fluorine, which probably were hydrogen fluoride, evolved 
from the molten bifluoride, fluorides of carbon, from the 
graphite anode, oxygen and oLiygen Auoride' produced 
from traces of water in the electrolyte. Since neither 0 2  

nor OF2 could be completely condensed in A, both having 
appreciable vapor pressures a t  86 OK., preliminary elec- 
trolysis of the molten salt was carried on for several 
hours, thereby decomposing the dissolved water. Fluo- 
rine, which was generated a t  a rate of about five grams w 
per hour, was passed through the apparatus for thirty pig, l,-Apparatus for 
minutes, in order t o  sweep out the enclosed air. At the measuring the vapor pres 
end of this time, the glass tube a t  D was sealed shut sure of 
and gas was condensed in the cylindrical copper bulb, B, 
which was constantly maintained a t  the boiling temperature of the liquefied gas. After 
the desired quantity of liquid had been collected the tube a t  E was sealed shut.  Pieces 

H. Moissan and J. Dewar, Compt. rend., 125, 505 (1897). 
Argo, Mathers, Humiston and Anderson, Trans. Am. Electrochem. Soc., 35, 335 

(1919). 
a Simons, THIS JOURNAL, 46,2175 (1924). 

P. Lebeau and A. Damiens, Compt. rend., 188,1253 (1929). 
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of small German silver tubing were inserted in the line immediately above B t o  diminish 
the  heat leak to the liquid fluorine. 

C is a glass equalizing mercury manometer of about 1.5 cm. diameter attached to 
the copper tublng by a copper to  glass seal. Since Cuorine reacts with mercury. forming 
a thin skin of mercury fluoride which adheres to the %valIs of the tube, it was not poss~ble 
t o  observe both merrtiry levels accurately when l~alaucing the air pressure upon the right- 
hand column against the fluorine pressure on the left. The vapor pressure was, there- 
fore, taken as equal to the air pressure required to  bring the mercury surface, in contact 
with the air, to the position of balance a t  the start of the experiment. The error in 
pressure readings, caused by the consumption of mercury during a run, was found to be 
not more than a millimeter of mercury. Temperatures were read with a copper- 
constantan thermocouple made from wire kindly furnished us by Professor W. F. 
Gianque. Since samples of wire from the same spools had been carefully ~a l ib ra ted ,~  
we were able to use a thermocouple correct to  within 0.05OK. The junction of the 
thermocouple was soldered to the outside of the bulb, B, a t  a point near the surface of the 
fluorine inside. 

A Leeds and Northmp type K potentiometer was used to measure the e. m f.  of the 
thermocouple. Results were reproducible to  about one millionth of a volt, which corre- 
sponds on the temperature scale to abuut 0.05". 

The bulb, B, was immersed in a liquid-air bath. Various temperatures could be 
obtained either by changing the composition of the liquid or by lowering the pressure 
of the gas phase. Constant temperatures could be maintained for sufficient time for the 
attainment of vapor pressure equilibrium. 

When glass bulbs were used for A and B, no two samples of fluorine gave the same 
vapor pressure curve and their boiling points all increased when part of the liquid was 
allowed to boil away. Boiling points ranged from 83 to  86OK.. and one sample would 
change as much as from 84 to 85.5OK. while boiling away. All attempts a t  fractiona- 
tion failed to  give pure products. In  spite of these results we had reason to believe that 
the boiling point of fluorine was near to  84.9 OK.. because the bath about the condensing 
gas had t o  be kept within 0.2 O of 84.8"K. while the atmospheric pressure was 76 cm. 

When the metal apparatus was used, the first sample of fluorine condensed behaved 
very satisfactorily. It represented the product of four hours of electrolysis with a cur- 
rent of eighteen amperes and probably amounted to about 18 cc. of liquid. No appre- 
ciable change in boiling point could be observed when part of it  boiled away. Fully 
half of the specimen must have been set free during such tests, so we were working with 
either a constant boiling mixture or pure fluorine. The former state of affairs is very 
improbable, because the water in the electrolyte had been decomposed by preliminary 
electrolysis. Not more than traces of oxygen and OF2 could have been in the fluorine, 
and our constant boiling point indicates that  even these were absent. 

Vapor Pressure of Fluorine.-The results are given in Table I. The 
f i s t  column gives "he observed temperature in degrees absolute; the sec- 
ond, the observed pressure in centimeters; the third, the pressure calcu- 
lated by substituting the observed temperatures in the equation given 
below. 

The data are represented by the empirical equation 

loglaP = 7.3317 - 4F - 0.007785T 
where P is in cm. of mercury and T in degrees Kelvin. No observed point 

6 Giauque, Buffington and Schulze, THIS JOURNAL, 49,2343 (1927). 
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TABLE I 
VAPOR PRESSURE OF FLUORINE 

T ,  OK. fobs.) P, cm. cobs.) P, calcd. T, OK. (obs.) P, em. (obs.) P,  calcd. 
72 53 14.54 14.41 80.98 48.23 47.59 
72 53 14.57 14.41 81.19 49 32 48.85 
75.18 21 53 21.65 81.20 49.34 45.92 
75 18 21.54 21.65 81.22 49.53 49.04 
75.18 21.53 21.65 83 09 61.53 61.55 
75.18 21..50 21.65 83.11 61 57 61.67 
75.45 22.25 22.50 83.45 64.24 64.20 
75.53 22.53 22.78 83.48 64.48 64.38 
75.59 22.69 22.99 84.13 68.64 69.35 
75.88 23.83 23.99 84.65 73.40 73.50 
75 93 24.01 24 16 84.68 74.18 73.78 
76.70 27.10 26.97 84.68 73.93 73.78 
76.72 27.20 27.03 84.73 74.02 74.19 
76.72 26.90 27.03 84.77 73.84 74.55 
76.74 27.09 27.11 84.81 74.14 74.85 
78.96 36.68 36.76 85.28 78.02 78.95 
79.01 36.78 36.99 85.25 78.55 78.62 
79.02 36.87 37.01 85.27 79.40 78.85 
79.18 37.88 37.80 85.32 79.36 79.35 
79.18 37.87 37.80 85.40 79.77 79.87 
80.09 43.00 42.58 85.81 84.11 83.56 
80.09 43.00 42.58 85.99 85.50 85.20 
80.96 43.03 47.48 

departs from this equation by more than O.lO.  The data are plotted in 
Fig. 2, and the line represents the equation. 

1/T.  
Fig. 2.-Vapor pressure of fluorine. 

The boiling point of fluorine is calculated from this equation to be 
84.93OK. Taking into account not only the experimental error in our 
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vapor pressure measurements but also the chance that our temperature 
scale might have been wrong by a few hundredths of a degree, this value is 
probably correct within 0.1'. 

Moissan and Dewarl obtained the boiling point by condensing the gas 
in a glass bulb cooled with liquid oxygen under reduced pressure. They 
found the minimum reduction of pressure which allowed condensation of 
fluorine to be 32.5 cm. of mercury and concluded that fluorine boils a t  
-187OC. or 86.1°K. Unfortunately they do not state the atmospheric 
pressure a t  the time of this observation, but if we assume that i t  was 76.0 
cm. and employ recent data for the vapor pressure of oxygenJ6 the calcu- 
lated boiling point is 85.10°K., a figure which is in rather good agreement 
with our value. 

The Critical Temperature of Fluorine.-We have made a few measure- 
tnents of the critical temperature in a capillary glass tube. Since our 
previous experience with glass was not very satisfactory, we made no 
extended efforts to obtain reproducible results. One tube gave 143.3OK., 
and another, treated more carefully, gave 144.1°K. An approximate value 
of the critical temperature, is therefore, 144OK. 

The critical pressure can be estimated with considerable confidence, 
since a plot of log P against 1 /T for related gases shows the critical pressure 
lying above the vapor pressure line by only about 2 atmospheres.? Using 
our vapor pressure measurements in this way we get P, = 55 atmospheres 

The heat of vaporization of fluorine a t  the boiling point may be de- 
termined, from the slope of the vapor pressure curve given above, to be 
1600 cal. per mole. Giauque and Wiebes have found that by substituting 
the value of P as calculated from Berthelot's equation of state in the equa- 
tion of Clapeyron, a closer approximation to the calorimetric heat of 
vaporization of hydrogen chloride is obtained than one gets from the slope 
of the vapor pressure curve. From our value for the critical temperature 
and from the density of liquid fluorine as given by Moissan and Dewarl 
we have made a similar calculation. The results a t  the boiling point are 
A H  = 1540 cal. and A S  = 18.1. 

Summary 

1. Measurements of the vapor pressure of fluorine have been made 
between 15 and 86 cm. which are closely given by the equation 

2. The boiling point is calculated to be 84.93OK. 
Cath. Comm. Phys. Lab. Univ. Leiden. No. 152 (1918). 
J. H. Hildebrand, "Solubility," The Chemical Catalog Co., Inc., New York, 

1924, pp. 32-34. 
* Giauque and Wiebe, TIES JOURNAL, 50,101 (1928). 



Oct., 1930 THIZ SYSTSM WATER-H'~~BROGE.N FLUORIDE 3843 

3. The critical temperature is approximately 144OK. and the critical 
pressure is about 55 atmospheres 

4. The heat of vaporization a t  the boiling point is 1600 eal. per mole, 
as calculated by the Clausius-Clapeyron equation, or, allowing for devi- 
ations from the gas laws, 1540 cal. 

BERKELEY, CALIFORNIA 

FREEZING POINTS OF THE SYSTEM WATER-HYDROGEN 
FLUORIDE 

The highly polar nature of both water and hydrogen fluoride suggested 
that an especial interest would attach to a determination of the solid com- 
pounds they might form with each other. We wished particularly to learn 
whether any of these might be regarded as resulting from the partial sub- 
stitution of water in the polymer (HF)s, which Simons and Hildebrandl 

assumed to explain the vapor densities of hydrogen fluoride over a consider- 
able range of pressure and temperature. In spite of the excellent agree- 
ment of the assumption with the data, it is quite possible that the associ- 
ation actually involves more numerous molecular species, one of which 
might be (HF)4, which has been proposed by Berliner and Hann.2 They 
point out that the hydrofluorides of amines have the general formula B.4HF 
in which B stands for the molecular formula of the base. Other com- 
pounds such as KF.3HF and MgF2.ZNaF may be regarded as derivatives 
of the hypothetical acid H4F4. If water behaves in a manner similar t o  the 
amines, one compound formed should be H20.4HF. 

Although no complete study of the system HF-H2O has previously been 
made, the freezing points of hydrogen f lu~r ide ,~ of the compound H ~ O S H F , ~  
and of dilute hydrofluoric acid solutions in concentrations ranging up to  
4.140 mola15 have been known for several years. Mr. L. Clark, working in 
this Laboratory during 1938, made a partial investigation of the system. but 
his work was considered of too preliminary a nature to warrant publication 

Experimental Part 
The apparatus used is illustrated in Fig. 1. The equilibrium mixture was colilained 

in a gold cup of about 175-cc. capacity. This was surrounded by a taller copper cup 

1 Simons and Hildebrand, THIS JOURNAL, 46, 2183 (1024). 
J. F. T. Berliner and R. M. Hann, J. Phys. Chem., 32,1142-1162 (1928). 
Simons, THIS JOURNAL, 46, 2179 (1924). 

4 R. Metzner, Compt. rend., 119, 682 (1894). 
Paterno and Peratoner, Atti Accad. Lincei, 6, 306 (1890); Kendall, Booge and 

Andrews. THIS JOURNAL, 39, 2303 (1917); Anthony and Huddleston, J. Chem. SOG., 
127, 1122 (1925). 
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which fitted closely into a small Dewar cylinder, thereby partially protecting the glass 
against attack by hydrofluoric acid vapor. T o  afford still further thermal insulation, 
t h e  small Dewar was placed within a one-gallon vacuum jar. Both vessels had covers 
of light wood provided with suitable holes for the introduction of the gold-plated stirrer, 
the  platinum pipet for removing samples for analysis, and the thermocouple, which 
was encased in a platinum tube. The pipet had a capacity of about 10 cc. and was 
equipped a t  the bottom with a a t e r  of platinum gauze and spongy platinum. 

For solutions of smaller concentration than 

Cold 0.51 mole fraction of HF, Baker and Adamson's 
C. P hydrofluor~c acid was used. To  obtain more 
concentrated acid, it  was necessary t o  decompose 
KHF2 by heating." 

The following simple procedure was found 
t o  give reproducrble freezing points over most of 
the range. T o  about 100 cc. of solution in the 
gold cup, enough liqutd air was added to partially 
freeze the solution. After stimng continually for 
about fifteen minutes to  allow the attainment of 
equilibrium between solid and solution, the tem- 
perature was read, and immediately afterward a 
sample of the liquid phase was removed in the 
pipet. This sample, usually from 1 to 5 cc., was 
dissolved in water contained in a paraffin bottle 
and its weight determined by difference. A titra- 
tion of the acid in this dilute solution with sodium 
hydroxide then gave the composition of liquid in 
equilibrium with the frozen solid a t  the observed 
temperature. Following the suggestion of Haga 
and Osaka: phenolphthalein was used as the 
indicator. 

For mole fractions of hydrofluoric acid be- 

Fig 1.-Apparatus for determining tween 0.68 and 0.89. the above treatment did not 

freezing points of aqueous hydrogen give very reproducible results. The crystals of 

fluoride solutions. solid seemed to be so small that they clogged the 
filter in the pipet and prevented the removal of 

large enough samples of solution. It was, therefore, found necessary t o  determine 
warming curves and to take the final sudden change in slope as  the freezing point. An 
analysis of the completely liquid solution then became an easy matter. 

Table I gives the experimental points, and they are plotted in Fig. 2. 

TABLE I 
FREEZING POINTS OF THE SYSTEM HF-Hz0 

Mole fraction, Temp., Mole fraction, Temp., 
HF OK. Solid phase HP OK. Solid phase 

0.00777 272.10 Ice 0.698 197.6 H20.2HF 
.0564 266.7 Ice .710 197.3 H20.2HF 
.OX09 263.2 Ice .743 191.3 Hz0.2HF 
.I565 250.0 Ice .762 181.9 HzO.2HF 
.210 231.6 Ice .776 171.7 Eutectic 
.265 213.0 Ice .786 172.3 Hz0.4HF 

Haga and Osaka, J. C h m .  SOC., 67,251-255 (1895). 
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Mole fraction, 
IIF 

0.276 
.307 
.321 
.371 
.403 
.478 

( .500) 
.515 
.575 
.B27 
,075 
,685 

THE SYSTEM WATER-HYDROGEN PLUOKIDE: 3845 

TABLE I (Concluded) 
Temp., Mole fraction. 

"K. Sa!id phase HP 

202.9 Eutcctic 0.796 
210.3 Hz0.HF ( - 800) 
213.6 H20.HF .817 
224.1 HzO.HF .864 
229.5 I-IzO.HF .883 
236.9 HtO.HF .894 

(237.7) H20-HF .913 
237.2 HzO-HF -9.79 
231.5 HzOsHF .961 
222.0 HvO.HF .974 
204.9 H,O.HF .982 
197.9 H20.HF and 1.000 

HpO.2HF 

Temp., 
O K .  Solid phase 

172.7 Hz0.4HF 
(172 8) HzO.4HF 
172.4 HaO.4HF 
167.6 Hz04HF 
162.2 Eutectic 
166.1 HF 
173.3 HF 
179.4 H F  
184.1 HF 
186.1 I-IF 
187.6 H F  
190.13 HF 
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Three distinct addition compounds are indicated by the curve: HzOsHF, 
HzO-2HF and H20.4HF. The second does not quite melt congruently, 
but the shape of the curve hardly leaves any doubt that it has the composi- 
tion given. The first of these has been prepared by Metzner4 by freezing it 
from hydrofluoric acid solutions. He reports its melting point to be - 3 5 O ,  
which is not far from our value, -35.4". 

Before anything very definite can be said concerning the configuration of 
these compounds, it will be desirable to have data bearing upon their crystal 
structures. We will merely call attention to the fact that the observations 
of Berliner and Hann2 are extended by the discovery of the compound 
Hz0.4HF and that the existence of two compounds with an excess of HF, 
while there are none with an excess of H20, harmonizes with the view that 
H F  tends to assume a more complex polymerization than water. 

Summary 

The freezing point-composition diagram for the system water-hydrogen 
fluoride has been studied over the entire range. In addition to  the solid 
compound HpO-HF, previously known, we have discovered the compounds 
Hz0.2HF and H20.4HF. 

BEREELBY, CALIFORNIA 

MEASUREMENTS OF THE FLUORESCENCE OF CELLULOSE 
ACETATE, CELLULOSE NITRATE AND GELATIN IN 

ULTRAVIOLET LIGHT 

The fluorescence of cellulose in ultraviolet light was first noted by 
Hartleyl in 1893 but no further attention seems to have been given the 
subject until Judd-Lewis began a series of experiments in 1918. In his 
first communication, Judd-Lewis2 described the appearance of various 
cellulosic derivatives when held where the photographic plate is normally 
placed in a quartz spectrograph. Cellulose acetate, viscose, filter paper 
and "normal" paper showed strong fluorescence in the ultraviolet region 
while nitrocellulose and paper treated with ethyl malonate showed very 
little fluorescence. 

A method of photographing the fluorescent spectrum was devised by this 
authora in which a camera was mounted in the back of the spectrograph 
arm and the spectrum photographed by reflected light, a procedure necessi- 

1 W. N. Hartley, J. Chcm. Soc., 63, 213 (1893). 
2 S. Judd-Lewis, J. Soc. Dyers Colourists, 34, 167 (1918). 
a S. Judd-Lewis, ibid., 37, 201 (1921). 
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tated by the opacity of the materials under investigation. The densities of 
the spectral lines obtained on the plate were compared with the correspond- 
ing lines of an arbitrarily chosen standard paper, the specifications for which 
are not given. It is not possible, therefore, for other workers to compare 
their results with those of Judd-Lewis, but a qualitative idea of some of his 
results may be gained. Various types of filter paper were found to  give di- 
vergent results and no relation was observed to exist between the fluores- 
cent power and any other property of the paper. It was certain, however, 
that moisture content had little to do with the phenomenon. The fluores- 
cence of hydrocellulose increased markedly as the period of time the pulp 
was left in the beater increased, the most rapid rate of change taking 
place in the interval between two and three hours' beating. This might 
be taken to mean that ultraviolet fluorescence increases as the molecular 
degradation of cellulose proceeds, which cannot be true without limits be- 
cause the ultraviolet fluorescence of glucose is less intense than that of 
cellulose. 

In the last papers by Judd-Lewis4 a description was given of the fluores- 
cent spectrum of a large number of cellulose products examined in a tung- 
sten arc lamp. It was shown that fluorescence was excited by all the wave 
lengths present below A330 mp. The physical condition of the specimen 
seemed to play no part in determining the fluorescent spectrum, as a com- 
parison of data obtained with the same cellulose acetate in the form of a 
powder, a paper and a transparent film showed little if any difference. 
The fluorescence did appear to be sensitive to slight chemical changes, as 
cellulose, hydrocellulose and oxycellulose could be easily distinguished by 
this means. 

Pringsheim and Gerngross5 have reported that the fluorescence in ultra- 
violet light of a number of organic polymers-lichenin, ceIlulose, glycogen, 
inulin, acetate, gelatin, etc.-increased as the colloidal material was dis- 
gregated. The observations were made visually and i t  was suggested 
that this property of organic colloidal materials in general might be used to 
characterize their state of aggregation. 

Data of a conflicting nature were obtained by the present authors while 
attempting to use this property of cellulose acetate to indicate something 
about the micellar structure of the material. Visual evidence was obtained 
that the physical structure of the substance was related to its fluorescent 
power and that marked changes in colloidal properties might be accom- 
panied by no variation in fluorescent properties. The quantitative ex- 
periments described in this paper were carried out to  determine what 
relation, if any, existed between the physical and colloidal structure and 
fluorescent properties of cellulose acetate and cellulose nitrate and gelatin. 

S. Judd-Lewis, J. Soc. Dyers Colourists, 38,99 (1922); 40, 29 (1924). 
6 H. Pringsheim, and 0. Gerngross, Ber., 61,2009 (1928). 
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The Fluorescence of Cellulose Acetate and Cellulose Nitrate Films 

Method of Measurement.-When the image of a mercury arc spec- 
trum is focused on a film of cellulose acetate, the lines of the spectrum are 
visible in a dark room down to A241 mp. The region from A241 mp to 365 mp 
is so far below the limit of visual perception that no question exists but 
that  the visible light is fluorescent light excited by the ultraviolet. The 
fluorescent radiation is gray-blue in color and the color is independent of the 
frequency of the exciting radiation. The fluorescence is not polarized and 
is passed with high intensity by the K2 Wratten filter but is almost com- 
pletely absorbed by the K3 filter, which fact places the wave length of the 
light emitted as between A485 mp and 505 mp, the limits for 60% trans- 
mission for the K2 and the K3 filters, respectively. 

The apparatus used to record 
the fluorescent light emitted by 
the cellulose acetate films is in- 
dicated by the diagram in Fig. 1. 

Light from the Cooper-Kewitt 
quartz mercury arc A was re- 

A F solved by the Gaertner quartz 
spectrograph S and images of 
the slit formed on the film under 
investigation a t  F. The fluores- 
cent image was photographed 
by the camera C. The lamp 
was operated a t  155 volts. Us- 
ing an f 4.5 lens in the camera 

Fig. 1.-Apparatus for measuring fluorescence 
in films. and Eastman Speedway plates, 

a suitable time of exposure was 
found to  be forty minutes. The plates were all developed in metol-hydro- 
quinone process developer to a gamma of one. 

Fig. 2.-Fluorescence of cellulose acetate in the mercury arc spectrum. 

Figure 2 is a photograph of the fluorescent light excited by ultraviolet 
radiations falling on afilm of cellulose acetate. To compare the fluores- 
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cence of different samples, the densities of the lines in this plate were 
measured by a micro-densitometer and compared with the densities of the 
lines obtained by making a direct photograph of the ultraviolet spectrum by 
placing the photographic plate at F, the time of exposure being one-tenth 
of a second. The ratio density of fluorescent line to density of spectral line 
was plotted against the wave length of the exciting radiation. This ratio 
approaches proportionality to intensity of fluorescent light/intensity of in- 
cident light so long as the exposures are low, but as either or both exposures 
increase, it becomes more nearly proportional to (PI log Il)/(Pz log 1%) 
where PI and Pz are the Schwarzschild coefficients for the respective wave 
lengths of fluorescent and incident light. This ratio will be noted here- 
after as R, 

Fig. 3.-Fluorescence of cellulose nitrate films: A, not stretched; 
B and C, stretched. 

Relation between Structure and Fluorescence in Cellulose Nitrate 
Films.-The curves shown in Fig. 3 were constructed in the manner 
indicated above and show the fluorescence of three sheets of cellulose ni- 
trate film prepared from the same solution of the original cellulose nitrate. 
It is evident from the figure that in the region of X280 to 334 mp there exists 
a marked difference in the fluorescent powers of the films forming the order 
A, B, C, in their ability to fluoresce in this spectral region. The film that  
showed the fluorescence described by Curve A was formed by evaporating 
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the cellulose nitrate dope to dryness on a glass plate. The other two films 
were removed from the plate on which the dope was coated while they still 
contained about 15% of solvent and were further cured while held under 
tension from two ends, the film represented by Curve C being under higher 
tension than the film B. It has been shown by one of the present authors 
and S. E. SheppardK that the tensions on a colloidal film during drying alter 
the micellar orientation of the film to such an extent that films may be 
prepared showing the typical optical properties of different crystallographic 
systems. The film A behaves optically as a section of a uniaxial crystal cut 

Wave length. 
Fig. 4.-Fluorescence of cellulose tri- and diacetate films: A, cellulose 

triacetate; B, cellulose diacetate. 

perpendicular to the optical axis while the films B and C behave as biaxial 
films, C being more highly anisotropic than B. It has been shown that the 
micellar orientation of the film6 determines its optical properties and it 
must now be concluded that the ultraviolet fluorescence of the film is also 
related to its micellar structure. 

Fluorescence in Cellulose Acetate Films.-Before proceeding with an 
examination of the fluorescence of a large number of cellulose acetate films, 
i t  was first ascertained that variations in the thickness of the film within 
wider limits than encountered with our specimens produced very little 
change in the photograph of the fluorescent light. A comparison of the 
fluorescence of two films of the same material, one 0.16 mm. thick and the 

J. G.  McNally and S. E. Sheppard, J. Phys. Chem., 34, 165 (1930). 



OC~., 1930 FLUORESCENCE IN ULTRAVIOLET LIGHT 3851 

other 0.08 mm. thick, showed a difference in the R ratio of less than 3% a t  
any value for X. 

The fluorescence excited on cellulose triacetate and diacetate films show 
points of similarity and of difference. In Fig. 4 the curve A represents the 
fluorescence of a chloroform-soluble triacetate while B was obtained from 
an acetone-soluble diacetate, both films being optically uniaxial. The two 
curves have the same general shape but the fluorescence of the diacetate 
falls below that of the triacetate a t  A334 mp. The curves in Fig. 5 show 
that this change in fluorescence is a progressive one as a triacetate is 

Wave length. 
Fig. 5.-Fluorescence of cellulose acetate films of different 

acetyl content. 

hydrolyzed to a diacetate. The data plotted in this figure were taken from 
samples obtained during an acid hydrolysis of a first stage dope, the 
samples A, B and C having acetyl values of 40, 37 and 35% and acetone 
viscosities of 50, 75 and 200 seconds, respectively. By milder treatment in 
acetylation and second stage hydrolysis, cellulose acetates may be prepared 
with the same acetyl values as any of the above samples but having higher 
acetone viscosities. The film D was made from an acetate prepared under 
such conditions; its acetyl value was 41% and acetone viscosity 600 sec- 
onds. When the fluorescence curve for this film is compared with the 
others in Fig. 5, i t  is seen more closely to resemble the acetate with the 
nearest acetyl content rather than the one most closely like it in viscosity, 
indicating that the chemical constitution, that is, the percentage acetyl- 
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ation, is a more important factor in determining the fluorescence of the 
material in ultraviolet light than any loosening of secondary valency forces 
caused by the second stage hydrolysis, or eventual depolymerization. 

Divergent results were obtained when the fluorescences of stretched and 
unstretched films were compared in the case of two different acetates. 
I n  Fig. 6 the data show that the stretched film B fluoresces more strongly 
than the unstretched film A and the difference is particularly marked in the 
region of A334 mp. The data from the second acetate plotted in Fig. 7 
indicate that in this case the unstretched film A is more strongly fluorescent 

Wave length. 
Pig. 6.-Fluorescence of cellulose acetate films: A, not stretched; 

B, stretched. 

than-the stretched film B and here the difference is most pronounced from 
X265 mp to  300 mp. The two acetates were typically the same, having 
similar viscosities and both approximating the acetyl content required for a 
diacetate. We know of no difference in the properties of the two materials 
that  would account for this difference in their fluorescent power. 

Fluorescence in Solutions of Cellulose Acetate.-In a well darkened 
room, solutions of cellulose acetate can be seen to fluoresce when irradiated 
by ultraviolet light. The fluorescence can be observed to  increase in 
intensity as the concentration of cellulose acetate in the solution increases; 
but even in the case of a 15% solution, we were unable to photograph the 
spectrum of the fluorescent light by means of a Gaertner quartz spectro- 
graph after four hours' exposure. We have, therefore, excited fluorescence 
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in the solutions by monochromatic radiation and measured the fluorescent 
light given off. Figure 8 is a diagram of the apparatus used for this 
purpose. Light from the quartz mercury arc lamp A passed through the 

Wave length. 
Fig. 7.-Fluorescence of cellulose acetate films: A, not stretched; 

B, stretched. 

quartz windowed water cell W, and 18A Wratten filter, I?, and illuminated 
the slit S1 of a Bausch and Lomb quartz monochromator, the optical parts 
of which are indicated by the lenses L1, Lz and the prism P. The solution 

1 A W FSt  4 mi P Lz S L E B C K V  I ! I I l (  
Fig. 8.-Apparatus for measuring fluorescence in solutions. 

being investigated was placed in an 11-mm. quartz absorption cell C which 
was enclosed in a light-proof box B. The shutter E opened adjacent t o  the 
monochromator slit Sa. The Wratten filter K2 and the photographic plate 
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D were placed in contact with the side of the cell away from the slit. The 
K2 filter was found to absorb the ultraviolet light completely and transmit 
the fluorescent light in the case of the solutions used as well as the solid 
film.' Satisfactory plates were obtained with a 15% gelatin solution after a 
forty-five minutes' exposure, the plates being developed as before to a 
gamma of one. The densities of the plates were measured by means of the 
densitometer described by Capstap and the fluorescent power of the solu- 
tions compared on this basis. 

The fluorescence of 15% acetone solutions of four cellulose acetates 
differing in their properties by very wide limits was determined by the 
method outlined above and the data obtained assembled in Table I. The 
figures in the first line refer to ball drop viscosity tests. The next line gives 
the percentage of acetyl group combined, and the final one, the density of 
the photograph of the fluorescent light after forty-five-minutes' exposme. 

. . . . . . . .  Sample no.. A B C D 
Viscosity ........... 500 20 20 8 
Acetyl, %.. ........ 40 40 37.8 37.5 
Density.. . . . . . . . . . .  0.36 0.40 0.42 0.42 

Prom a consideration of the above data it appears that there is no relation 
between the state of aggregation of the micelles in a cellulose acetate solu- 
tion and their fluorescence in ultraviolet light of wave length 365 mp. 

The Fluorescence of Gelatin Solutions.-The circumstat~ce that films 
made from partially broken down gelatin are so brittle that they cannot be 
handled conveniently makes it a matter of great difficulty to investigate the 
relation between fluorescence and state of polymerization in gelatin film. 
We have, however, made such a study of gelatin sols using the same pro- 
cedure that was outlined for use with the cellulose acetate sols. 

A 10% solution of de-ashed gelatin was made up having a PH of 5.2. 
The flask containing this solution was fitted with a reflux condenser and the 
solution boiled for twenty-four hours. Samples were taken from time to  
time and measurements made of the viscosity and fluorescence of the 
solution. Table I1 is a summary of these results, the density being, as 
before, the photographic density caused by the fluorescent light on forty- 
five-minutes' exposure. The viscosity measurements were made by Dr. 
Robert Houck and are reported in centipoise units at 40'. 

Aesculin and a number of glass filters were substituted for the K2 but while they 
had the proper adsorption limits, they fluoresced to a considerable extent in ultraviolet 
light and were unsuitable for the purpose at hand. No satisfactory substitute was found 
for the K2 filter. 

* J. G. Capstaff, Trans. Soc. Mot. Pict. Eng., 11, 607 (1927). 
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TABLB 11 
THE FLUOKESC~NCR OF HYDROLYZED GELATIN 

Hours boiled.. . . 0 0.33 0.55 1.33 2.25 5.00 24.00 
Viscosity.. . . . 17.8 14.5 11.5 7.6 5.1 2.4 1.55 
Density.. . . . . . . 0.88 0.72 0.72 0 70 0.60 0.58 0.74 

Sheppard and Houck9 have concluded that diminution of the viscosity of 
gelatin sols by heating at  elevated temperatures is to be accounted for by 
hydrolytic decomposition of the gelatin. The part of the hydrolysis 
reaction that causes the reduction of the viscosity, probably by the break- 
down of large colloidal niolecules, was complete in our experiment in the 
first five hours d heating and during this period the fluorescence of the sot 
in ultraviolet light showed a progressive decrease. In the interval be- 
tween five and twenty-four hours, the solution became amber colored and 
the fluorescence makes a marked regain toward its initial value. No sensi- 
ble change in viscosity took place during this time so i t  seems evident that 
the increased fluorescence must be associated with changes other than 
those of micellar nature that might be expected to alter the flow charac- 
teristics of the sol. 

Discussion of Results 

The results of this investigation are not in accord with the conclusions of 
previous experimenters that the fluorescence of cellulose derivatives is 
independent of the physical form of the material and related only t o  changes 
in chemical composition, and that the fluorescence of gelatin in ultraviolet 
light becomes more intense as the material is subjected to  progressive dis- 
gregation. Enough data have been presented in the present paper to 
prove that: (a) the fluorescence excited by ultraviolet light in cellulose 
acetate and nitrate films depends on the micellar structure of the film; 
(b) when the micellar structure is similar, acetates resemble each other in 
fluorescence when they are alike in chemical composition rather than in 
colloidal properties; (c) the fluorescence of cellulose acetate sols is inde- 
pendent of the colloidal properties of the sol; (d) the fluorescence of gelatin 
sols decreases during the part of the hydrolysis causing a change in micellar 
magnitude and increases later because of some secondary change. 

It seems likely that the amount of strain in a cellulose acetate or nitrate 
film affects the fluorescence of the film and that the effect is different for 
cellulose ester films made from different materials. The "temporary 
dichromatism" observed by Kundt1° and quantitatively investigated by 
Pulfrichl1 in the case of stretched rubber affords an interesting suggestion 
as to the cause of the observed change in fluorescence in stretched cellulosic 

S. E. Sheppard and R. C. Houck, J. Phys. Chem., 34,273 (1930). 
lo A. Kundt, Ann. Physik, Old Series, [I] 151,125 (1874). 
C. Pulfrich, ibid., New Series, 14,193 (1881). 
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films. If the absorption coefficients for different wave lengths in the 
ultraviolet shift independently of each other as a cellulose acetate or nitrate 
film is stretched, as they do in the visible region in the case of rubber, the 
amount of fluorescent light emitted by these wave lengths would vary as the 
energy absorbed varied. It is planned to investigate this matter further. 

The evidence seems conclusive that as far as the A3G5 mp is concerned, 
the fluorescence of gelatin in ultraviolet light decreases as the aggregates 
responsible for the high viscosity of the sol are broken up. The subsequent 
increase in fluorescence is connected with some other change in the solution. 
The darkened color of the solution suggests that humin formation accom- 
panied by partial oxidation and carbonization had taken place. Brooks12 
has remarked that the formation of fluorescent material is almost univer- 
sally observed when organic material is partially carbonized by heat, which 
indicates an explanation for our observed rise in the fluorescent power of 
the solution. 

Summary 
The intensity of fluorescence of cellulose nitrate and acetate films in 

ultraviolet light depends on the wave length of the exciting radiation, and 
the chemical composition and the micellar structure of the film. The 
intensity of fluorescence of acetone solutions of cellulose acetate in light of 
wave length 365 mp is independent of the colloidal properties of the solution. 
A decrease in the viscosity of gelatin solutions caused by hydrolytic dis- 
gregation of micellar structures is accompanied by a decrease in the 
intensity of fluorescence in light of wave length 365 mp. Subsequent 
chemical changes cause an increase in the fluorescence. 

R O C ~ S T E R ,  NEW YORE 

l2 B. T. Brooks, "Non-Benzenoid Hydrocarbons," The Chemical Catalog Company, 
New York, 1922, p. 549. 
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CHBMISTRY, UNIVERSITY OF WISCONSIN] 

AMMONATES OF COPPER SELENATE' 
BY LOREN C. HURD AND VICTOR LENHER 

Certain of the metallic salts which form complex addition products with 
ammonia have been subjected to numerous investigations on the part of 
several workers of the past. Outstanding is the work of Alfred Werner and 
his students on the preparation and study of the members of the cobalt and 
platinum systems. In contrast to the cobalt ammines, which are for the 
most part relatively stable, there exists another class of compounds, the 
arnmonates, which are relatively unstable and which may be represented by 
the general formula MA-xNH3. As a part of the study of selenium and its 
compounds carried out a t  this Laboratory, it was thought that an investi- 
gation of the compounds formed by the action of ammonia on the metallic 
selenates and selenites might yield results of interest. The present report 
deals with the compounds formed by the addition of ammonia to  copper 
selenate. 

Dennis and Koller2 prepared three ammonates of copper selenate, two of 
which were products resulting from the partial decomposition of their 
primary salt, CuSe04.4NH3.H20. The method utilized by these workers 
was to pass ammonia gas into a solution of copper selenate to  which had 
been added an excess of ammonium hydroxide. After the ammonia had 
been passed into the solution for about two hours, clusters of dark blue 
crystals separated. The product was washed twice with ammonia solution 
and dried over lime for two hours. Analysis of the material yielded results 
in accord with the formula ascribed to the tetrammonate monohydrate. 
Finely ground crystals of the salt were dried in the air for two hours. 
Ammonia was lost and the resulting pale blue compound was found to be 
CuSe04-3NH3.H20. Crystals of the tetrammonate monohydrate were 
desiccated over lime at  a pressure of 25 mm. of mercury for one week. 
Analysis of the resulting compound showed that one molecule of water had 
been lost with the formation of the tetrammonate, CuSeO4-4NHs. Willy 
LangeS has recently reported the formation of an ammonate of copper 
selenate corresponding to the formula CuSeO4-4NH3.2H2O. The method 
of preparation was not stated. The product was described as a very solu- 

Abstracted from a portion of a thesis submitted to the faculty of the Graduate 
School, University of Wisconsin, in partial fulfilment of the requirements for the de- 
gree of Doctor of Philosophy, 1939. The thesis was started under the direction of the 
late Victor Lenher, continued under the supervision of the late George Kemmerer 
and completed under the guidance of Professor V. W. Meloche. 

Dennis and Koller, THIS JOURNAL, 41, 949 (1919). 
a Willy Lange, Ber., 59, 2113 (1926). 
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ble, sky-blue crystalline material. The author states that the compound 
lost water to give the tetrammonate-a blue-violet product. The tetra- 
ammonate upon heating decomposed without melting to give the green 
diammonate. Identification of the tetrammonate is based on one copper 
determination. No analysis is reported for the diammonate. 

Materials 

Selenic acid was prepared from purified selenium dioxide by direct 
chlorination of a 10% solution of selenious acid, according to the method of 
M e t ~ n e r . ~  The resulting selenic and hydrochloric acid mixture was neu- 
tralized with basic copper carbonate, the solution filtered, and the bulk of 
the copper selenate isolated from the copper chloride by means of precipi- 
tation with ethyl alcohol according to the method of Lenher and K ~ O . ~  
Following four or five precipitations of the selenate by means of alcohol 
the material was twice recrystallized from water. Chlorides were shown 
to  be absent by testing a 1% nitric acid solution of one gram of the copper 
selenate with a few cc. of saturated silver selenate solution. Failure of a 
turbidity or opalescence to appear was taken as evidence of the absence of 
appreciable amounts of ~hloride.~ 

The ammonia used throughout this work was obtained for the most part 
from the National Ammonia Company. The commercial material was 
transferred into a small iron tank containing sodium. Gas used for the 
preparation of the ammonates described was obtained by distillation from 
the dry liquid. 

Analytical Methods 
Selenium.---Selenium was determined according to the method of 

Lenher and Kao7 as described by Hoffman and Lenher? 
Copper.-Copper selenate when ignited in a porcelain crucible over a 

Bunsen burner leaves a residue of copper oxide. The selenium is volatil- 
ized as the dioxide. In the case of the ammonates of copper selenate the 
direct immediate ignition must be avoided because of the reducing action of 
the ammonia on the copper residue a t  high temperatures. Consequently 
i t  is necessary first to drive off most of the ammonia a t  a low heat, and then 
to  follow the preliminary heating by a gentle ignition. The temperature of 
the crucible is then raised to the full heat of the burner. If the preliminary 
heating is not sufficiently slow, the results obtained will be erratic and the 
crucible will become stained with a rose-colored deposit produced by the 
action of metallic copper or cuprous oxide on the glaze of the crucible. 

4 Metzner, Ann. chim. fihys., 15,203 (1898). 
6 Lenher and Kao, THIS JOURNAL, 47,1521 (1925). 
"hung Hsi Kao, B.S. thesis, University of Wisconsin. 1924. Dr. Kao states 

that the sensitivity of this test is limited only by the solubility of silver chloride in water. 
Lenher and Kao, THIS JOURNAL. 47, 769 (1925). 
Hoffman and Lenher, ;bid., 51,3178 (1929). 
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That the method of ignition is satisfactory for the determination of copper 
oxide in compounds of the type to be described was demonstrated by 
numerous analyses, the following two of which may be considered repre- 
sentative. 

CuO, Ci10  found - 
Compound Calcd., % % Detns. Max. dev., 

CuSe0d.5Hp0 26.79 26.73 3 0 14 
CuSeOg3NHa.H~O 28.85 28.92 3 0.07 

In  cases where because of small amounts of sample or difficulty in weigh- 
ing, it was desirable to estimate the copper content of the filtrate from the 
selenium determination, the determination was made according to the 
sulfocyanate method of Rivot

g 
as modified by Treadwell.lo 

Ammonia.-Ammonia was determined by distillation of the gas from 
an alkaline solution which had been freed from copper. In  the course of an 
investigation of the copper sulfate complexes, Horn and Taylorn experi- 
enced considerable difficulty in the direct distillation of ammonia from 
alkaline solutions of the ammonates. These workers found that when 
sodium hydroxide is added to a solution containing appreciable amounts of 
copper sulfate, the ammonia is expelled with difliculty and prolonged boiling 
is necessary to drive over the last traces of ammonia. In  all cases they 
found that it was necessary to distil until the residue in the Kjeldahl flask 
had evaporated almost to dryness in order to arrive a t  quantitative results. 

it was found that copper selenate behaves in a like manner. Because of 
this difficulty i t  was considered necessary to remove the copper from the 
solution before distillation. This was accomplished by warming the 
sulfuric acid solution of the amlnonate with a piece of metallic aluminum. 
The copper was quantitatively deposited along with a portion of the  
selenium. Evaluation of the amount of ammonia remaining in the solution 
was then made by distillation into an excess of acid of known strength and 
back-titration with sodium hydroxide. 

Water.-Horn and Taylorll collected the water evolved from the  
combustion of the ammonates of copper sulfate by absorption in a U-tube 
containing solid potassium hydroxide. The evolved ammonia passed 
through the alkali tube and was absorbed in sulfuric acid. An attempt was 
made to apply this method of determining water and ammonia to the am- 
monates of copper selenate. It was found that when the temperature was 
raised to a point required for the complete decomposition of the am- 
monate, a partial combustion of the ammonia took place. AS a result the 
water results were high and the ammonia low. The explanation for this 
behavior probably lies in the fact that ammonates of copper selenate de- 

Rivot, Compt. rend., 38,808 (18.54). 
'O Treadwell and Hall, "Analytical Chemistry," Vol 11, 1924,5th ed., p. 186. 
l1 Horn and Taylor, Am. Chem. J., 32,253 (1904). 
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compose principally into copper oxide, selenium dioxide, ammonia and 
oxygen a t  190'. Inasmuch as i t  is necessary to heat the compounds to a t  
least 180' in order to  drive off the last two molecules of ammonia, it is prob- 
able that the oxidation takes place when the selenate group decomposes to  
yield the selenite. Heating in a current of oxygen-free dry nitrogen 
likewise yielded high water results and low ammonia results. 

The method adopted for the determination of water in the ammonates 
was that of complete combustion in a tube containing copper oxide and 
metallic copper. Selenium was retained in the boat by covering the sample 
with a layer of sodium chromate of known water content. The percentage 
of ammonia having been determined in a separate sample, the water existing 
as such in the compound was calculated. 

Hydrated Ammonates of Copper Selenate 

Copper Selenate Tetrarnmonate Monohydrate.-The method of Dennis and Roller2 
was followed in the preparation of this salt: 100 g. of copper selenate pentahydrate was 
dissolved in 125 cc. of concentrated ammonia solution and ammonia gas passed into the 
dark blue solution for two hours. The crystals were filtered on a sintered glass plate, 
washed with a cold concentrated ammonia solution and desiccated over soda lime for 
three days. Analysis of the material was in accord with the formula assigned by the 
above workers. 

Anal. Calcd. for CuSeOc4NHa.H20: CuO, 27.16; Se, 27.04; NHs, 23.22; H20, 
6.15. Found: CuO, 27.04 (av. 3 detns.); Se, 26.91 (av. 4 detns.); NHs, 22.94 (av. 
4 detns.); H,O, 6.31 (av. 3 detns.). 

Ammonia results were usually found to be slightly lower than the calculated values. 
This was probably brought about as a result of loss of ammonia during the drying 
process. The color is close to that of Mulliken's standard BV-Shade 2.12 

Attempts were made to prepare the compound by adding alcohol to ammoniacal 
solutions of copper selenate. The blue precipitate produced was found to be a basic 
salt the composition and color of which varied with the preparation. The precipitate 
corresponded most nearly with the tetrammonate monohydrate when small amounts of 
alcohol were used in strongly ammoniacal solutions of the selenate. 

Copper Selenate Triammonate Monohydrate.-Copper selenate tetrammonate 
monohydrate when treated with a current of dry air loses one molecule of ammonia to 
form the triammonate monohydrate. Samples of the tetrammonate were treated in 
the manner described by Dennis and K ~ l l e r . ~  Analysis of the product yielded results 
in harmony with the findings of these workers. 

Anal. Calcd. for CuSe0~3NHa.H~0: CuO, 28.85; Se, 28.72; NHa, 18.52; HpO, 
6.98. Found: CuO, 28.91; Se, 28.78; NHs, 18.51; H20, 6.90 (all av. of 3 detns.). 

The color of this salt is almost identical with that of standard B-Tit 1.12 

The monohydrate of copper selenate under ordinary conditions is the most stable 
ammonate of the series. The composition of the salt is not altered by prolonged ex- 
posure to the air and desiccation over phosphorus pentoxide for several weeks fails to 
remove the molecule of water. When heated to a temperature of 110" under a pressure 
of 2 mm. of mercury, water and ammonia are lost. Samples treated in this manner 

la Mulliken, "Identification of Pure Organic Compounds," John Wiley and Sons, 
Inc.. New York, 1904, Color Charts, Vol. I. 
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were found to come to constant weight after a loss of approximately 14%. The calcu- 
lated loss in weight for the conversion of the triammonate monohydrate to  the dihy- 
drate is 12.72y0. Analysis of the residue showed that in a11 cases the amount of ammo- 
nia in the material was lower than the calculated amount for the diammonate, the 
average ammonia content of three typical preparations being 13.65% against a calcu- 
lated value of 14.144/0. Copper and selenium results were correspondingly high. 

Copper Selenate Tetrammonate Dihydrate.-Willy Lange3 has reported the isola- 
tion of an ammonate of the composition CuSeOa.4NHa.2HtO. The only analysis re- 
ported upon the compound is one water determination which is about 1 lower than the 
calculated value. The compound is described as a very easily soluble, sky-blue crys- 
talline substance which by the loss of water yields the blue-violet anhydrous tetrammo- 
nate. 

Various methods were used in an effort to isolate this compound. Ammonia gas 
when passed into either dilute or concentrated solutions of copper selenate always 
yielded the monohydrate. I t  had been previously noticed that by cooling the reaction 
tube during the precipitation of the tetrammonate monohydrate, an increased yield of 
the product was obtained. It was thought that the greatly lessened solubility might 
indicate that the dihydrate was the stable phase a t  temperatures in the neighborhood of 
0' and that during subsequent operations decomposition took place with the formation 
of the monohydrate. Accordingly an effort was made to isolate and dry the product a t  
a temperature but slightly above 0". Precipitation of the salt was brought about by 
passing ammonia gas into a solution of copper selenate contained in a pyrex test-tube. 
The tube was immersed in an ice-salt mixture a t  a temperature of about -2O a t  the 
time of precipitation. I t  is interesting to note that the deposition of the ammonate from 
solution is nearly complete a t  this temperature, the supernatant liquid having but a faint 
blue color after crystallization. The precipitate was quickly transferred to a sintered 
glass filter provided with a jacket through which cold brine was circulated. The blue 
material was washed several times with a solution prepared by saturating water with 
ammonia gas a t  0°, transferred to a soda lime desiccator and placed in the lower 
compartment of an electric refrigerator. At no time did the temperature of the product 
greatly exceed 4O. 

Analysis of several products so prepared did not yield results in agreement with the 
calculated values for the dihydrate. In order to safeguard against possible loss of appre- 
ciable amounts of ammonia or water during the weighing process, large samples were 
taken from previously weighed glass stoppered bottles, quickly transferred to  dilute 
acid solutions and diluted to known volumes. Analysis of aliquot portions enabled us 
to determine the percentages of the various constituents in the original sample. Water 
thus determined by tiitTerence was usually high by one or two per cent. In  no case did 
the complete analysis agree with the calculated values for the dihydrate. 

Because of our inability to isolate the dihydrate with the aid of ordinary precautions, 
it was thought advisable to investigate the warming curve of the compound formed by 
the action of ammonia gas on a solution of copper selenate at 0'. Accordingly a large 
quantity of the ammonate was precipitated a t  -1 and isolated in the usual manner. 
When the deposition of the product was complete the supernatant liquid was removed 
and the ammonia inlet tube replaced by a thermometer. The ammonia gas was swept 
from the tube by means of a blast of air and the sample quickly mixed with about one- 
third its volume of cold copper selenate tetrammonate monohydrate of established 
purity. The reaction tube, which throughout this manipulation was cooled in brine, 
was wrapped in several thicknesses of cold cloth and allowed to warm slowly. Examina- 
tion of one of the characteristic curves obtained in this manner (Fig. 1) shows the ab- 
sence of the break which usually accompanies a change of the solid phase. Tempera- 
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ture readings were taken every thirty seconds and the total time of the experiments was 
about forty-five minutes. I t  is to  be concluded as  a result of the physical and chemical 
investigation either that the compound described by Lange does not exist or that it  is 
not formed under the conditions described in the above experiments. The product 
obtained by Lange was in all probability the tetrammonate monohydrate which con- 
tained water mechanically retained in the crystals. It has been noted that  the mono- 
hydrate is dried with difficulty. 

Anhydrous Ammonates of Copper Selenate 
Copper Selenate Pentarnmonate.-Copper selenate pentahydrate when exposed to 

ammonia gas behaves in much the same manner as the corresponding hydrate of copper 
sulfate.13 Copper selenate pentahydrate when exposed t o  a stream of ammonia gas 
very quickly evolves heat, turns dark blue and assumes a pasty consistency. The 
tetrammonate monohydrate behaves in a similar manner. Prolonged exposure of either 
of the two salts to  anhydrous ammonia under a pressure of 10 cm. of mercury and a t  a 

temperature of 0 °  results in a quantita- 

Time in minutes. t o  remove the water. The resulting prod- 

Fig. 1. uct is transferred t o  a pyrex test-tube and 
immersed in a Dewar flask containing 

liquid ammonia. Liquid ammonia is then condensed in the reaction chamber. The low 
temperature and the pressure are sufficient completely to  transform the tetrammonate to 

/ 

- 3 / 

the  pentammonate. Samples of the product after removal of the excess liquid ammonia 
were sealed in small tubes, weighed and broken under dilute hydrochloric acid. Analy- 
sis for various constituents was then made on the filtrate in the usual manner. 

Anal. Calcd. for CuSe04.5NHs: CuO, 27.22; Se, 27.13; NHa, 29.25. Found: 
CuO, 27.01; Se, 27.05; NHn, 29.12 (all av. of 4 detns.). 

tive absorption of ammonia to  produce 
the pentammonate of copper selenate, a 
dark blue product which upon warming 
evolves ammonia and which very quickly 
decomposes in moist air. The pent- 
ammonate may be prepared most con- 
veniently by the action of liquid am- 
monia on copper selenate tetrammonate. 
The monohydrate is first treated with a 

15 
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$ 
C) 
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I slow stream of anhydrous ammonia gas 

The transition point for the system copper selenate pentammonate-copper selenate 
tetrammonate was determined dilatometrically t o  be a t  19 * 0.3O. The color of the 
pentammonate is between that of the standards B and BV of the normal tones.12 

KaoVound from a study of the copper selenate-water system evidence which led 

10 20 30 40 a t  slightly elevated temperatures in order 

him t o  suspect strongly the existence of a heptahydrate of copper selenate a t  low tem- 
peratures. Attempts to  isolate the heptammonate of copper selenate have failed. 
Chemical analysis of the product formed by the action of liquid ammonia on copper 
selenate, copper selenate pentammonate and copper selenate tetrammonate yielded 
results which were not concordant with different preparations and which did not corre- 
spond t o  those calculated for any one simple compound. Inasmuch as  Ephraim14 has 
shown that in some cases of this type a continuous series of solid solutions exists between 
different ammonates and ammonia, it  is doubtful if analytical results would have great 

l3 Horn, Am. Clcem. J., 39, 195 (1908). 
" Ephraim, Bey., 52, 940 (1919). 
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significance anyhow. Investigation of the warming curve of the copper selenate- 
ammonia system between the temperature of boiling liquid ammonia and 15" yielded no 
irregularity which might be attributed to compound decomposition. It is t o  be con- 
cluded that if the pentammonate of copper selenate does exist it is not stable a t  atmos- 
pheric pressure above the boiling point of liquid ammonia. 

Copper Selenate Tetrarimonate.---This coxnpound has been prev~ously reported by 
Dennis and Kollerz and more recently by Willy Lange.a The former investigators 
obtained the product as a result of the decomposition of copper selenate tetrammonate 
monohydrate a t  room temperature under a pressure of 27 mm. of mercury and in the 
presence of freshly ignited quicklime. Lange gives none of the details of preparation 
but states that the compound is formed as a result of the decomposition of the tetrammo- 
nate dihydrate with the production of the anhydrous product. 

The directions of Dennis and Koller were followed in the preparation of this com- 
pound. After seven days in a desiccator containing lime and a t  a pressure of about 17 
mm. of mercury it was found that the tetrammonate monohydrate had lost water and 
that there was formed the anhydrous tetramrnonate. Analysis of representative sam- 
ples yielded results substantially in agreement with those calculated from the assigned 
formula. 

Anal. Calcd. for CuSe04.4NH3: CuO, 28.94; Se, 28.84; NH*, 24.76. Found: 
CuO, 28.41 ; Se, 28.81 ; NH3, 24.94 (av. of 4 detns.). 

The tetrammonate is stable above 100" provided the sample is maintained in an 
atmosphere of ammonia gas. Because preparations made according to  the method of 
Dennis and Koller usually appeared to have undergone a secondary decomposition with 
the production of a small amount of the triammouate monohydrate and basic salts, the 
following method of preparation was devised to yield a product free from the triammo- 
nate monohydrate. 

Copper selenate pentahydrate of established purity was dissolved in water and 50 
cc. of the saturated solution transferred to a large pyrex test-tube fitted with a delivery 
and outlet tubes. Ammonia gas was passed into the hot solution and after most of the 
water had been removed the tube was transferred to an oil thermostat regulated to  about 
120". Passage of the ammonia was continued through the blue mass until the last 
traces of water had been removed. The preparation was removed, crushed and again 
treated with ammonia gas a t  120 ". Analysis of several products prepared in this manner 
yielded results in strict agreement with the calculated values. In two typical prepara- 
tions the Bmmonia content was found to be 24 70 and 24.76y0 against the calculated 
value of 24.76%. The color of the tetrammonate is between that of standards VB and 
BV of the normal tones.lP 

Copper Selenate Diammonate.-Horn and Taylor11 prepared a series of apple- 
green decomposition products of copper sulfate tetrammonate and concluded that the 
products were basic salts and not definite chemical individuals. Langea has reported 
that if heated the tetrammonate of copper selenate will pass directly without melting 
to the diammonate. 

It was found that if the anhydrous tetrammonate of copper selenate was heated with 
access to air there were formed various decomposition products, the ammonia content 
of which was usually lower than that calculated from the diammonate and which varied 
depending upon the length and rapidity of heating as well as with the maximum tem- 
perature. Samples of the tetrammonate placed in an oven regulated a t  80" lost ap- 
proximately 12.5% in weight. Although this loss corresponds rather closely t o  the 
calculated loss in the conversion of tetrammonate to the diammonate, the analytical 
results were not in close agreement for the calculated values for the diammonate. If. 
however, the sample is maintained in an atmosphere of ammonia gas at atmospheric 
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pressure, the loss in weight will not be appreciable until the temperature of 178" is 
reached. At this point *2' the compound breaks down to form the diammonate. 
Analyses of the products obtained by heating copper selenate tetrammonate to a tem- 
perature of 185' in an atmosphere of ammonia gas a t  atmospheric pressure are in close 
agreement with the calculated values. 

Anal.  Calcd. for CuSeOa.2NHa: CuO, 33.04; Se, 32.88; NHa, 14.14. Found: 
CuO, 33.03; Se. 32.56; NH3, 14.14 (all av. of 3 detns.). 

The diammonate is a light blue powder. It corresponds somewhat t o  the BG 
normal tone of Mulliken's standards12 and is insoluble in water but soluble in dilute 
mineral acids and ammonia solution. The compound is stable if preserved in a closed 
container. Below 178' the material absorbs ammonia to form either the tetrammonate 
or the pentammonate depending upon the temperature and pressure. Heated above 192' 
the diammonate is decomposed with the production of ammonia and a black residue w

hi

ch 
consists of a mixture of copper oxide and copper selenide. Selenium dioxide has been 
noticed in the cooler parts of the reaction tube when the temperature exceeds 200". 

Summary 
1. Copper selenate pentammonate and copper selenate diammonate 

have been prepared and identified. 
2. A new and satisfactory method for the preparation of copper selenate 

tetrammonate has been described. 
3. No evidence was found for the existence of the tetrammonate di- 

hydrate of copper selenate reported by Lange. 
4. Copper selenate tetrammonate monohydrate, copper selenate tetra- 

ammonate and copper selenate triammonate monohydrate have been 
prepared according to the methods of Dennis and Koller. Analysis of the 
products indicates composition in accord with ascribed formulas. 

[CONTRIBUTION PROM TIiE CHEMICAL LABORATORY O F  THE UNIVERSITY OF ILLINOIS] 

MOLECULAR RAY EXPERIMENTS. THE CHEMICAL ACTIVITY 
OF MOLECULAR AND ATOMIC OXYGEN1 . 

The initial purpose of this investigation was to find some chemical 
reaction by which the image of a beam of oxygen molecules could be formed 
on a target for a Stern-Gerlach experiment. The first attempts in this 
direction in this Laboratory were made a t  the time that the magnetic 
moment of atomic hydrogen was measured. It became evidentl'sd a t  that 

Previous publications on molecular rays from this Laboratory are as follows: 
(a) Kunz, Taylor and Rodebush, Science, 63, 550 (1926); (b) Taylor, Phys. Rev., 28, 
576 (1926); (c) Phipps and Taylor, Science. 64, 480 (1926); (d) Phipps and Taylor, 
Phys. Rev., 29, 309 (1927); (e) Rodebush, Proc. Nut. Acad. Sci., 13, 50 (1927); (f) 
Rodebush and Copley, Plzys. Rev., 33, 1083 (1929); (g) Kurt and Phipps, ibid., 34, 
1357 (1929); (h) Rodebush and Nichols, ibid., 35, 649 (1930); (i) Shaw, Phipps and 
Rodebush, ibid., 35, 1126 (1930). 



time that there were certain interesting chemical problems in connection 
with the reactions of molecular rays and that, furthermore, molecular rays 
constitute an especially powerful method of studying heterogeneous re- 
actions because it is possible with an inhomogeneous magnetic field to 
determine not only the molecular species that is reacting but the actual 
state of excitation as expressed by the spectroscopic term. For instance, 
the only absolute test for atomic hydrogen is the Stern-C~rlach experiment. 
The main purpose of this paper has been the investigation of the chemical 
activity of the various molecular species that can be produced in oxygen. 

Molecular Oxygen.--Molecular oxygen reacts readily with the polished 
surfaces of certain metals, e. g., copper, at  slightly elevated temperatures 
and the film of oxide formed is readily visible One interesting question 
which arises at once is: will the reaction take place between a beam of cold 
molecules and a hot surface or between a beam of hot molecules and a cold 
surface? In this connection it should be noted that the average tempera- 
ture of a molecule beam is higher than the temperature of the gas in front 
of the source slit. The average kinetic energy normal to the surface of 
the molecules striking a surface is kT. If we interpose a slit system we 
select only the faster molecules, so that the average kinetic energy in the 
direction of the beam is now 2kT. This process of selection lowers the 
effective pressure of the beam enormously, so that it is difficult to obtain 
beams with effective pressures greater than 10-%m. This pressure is 
often considerably less than the pressure obtainable with the best pumping 
conditions in the apparatus beyond the slit system and constitutes a serious 
limitation to the chemical activity. 

The reactivities of cold surfaces of metallic silver, copper and sodium, 
phosphorus, indigo and a number of lower oxides, including those of lead 
and molybdenum, were tried without any observed result. In a number of 
trials the oxygen molecules were heated to temperatures of several hundred 
degrees centigrade. No reaction was observed in any case. It was 
thought that the oxide film might be difficult to observe and a copper 
target which had been exposed to a beam of oxygen molecules was exposed 
to mercury vapor. If a similar experiment is made with electrons, the 
spot which has been bombarded does not amalgamate2 but complete 
amalgamation was always obtained with targets bombarded by oxygen 
molecules. It seems probable that the temperature of the surface itself 
must be raised in order to bring about a reaction with oxygen molecules. 
The part played by water in oxidation must not be overlooked. In the 
high vacuum the surfaces must be very dry and it is well known that in the 
case of sodium, for example, the presence of moisture catalyzes the oxida- 
tion of the surfaces. I t  could be predicted in advance that no reaction 
would be obtained between a beam of oxygen molecules and a hot copper 

Carr, Phys. Rm., 33, 1068 (1929). 
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or silver surface because the dissociation pressure of the oxide is greater 
than the partial pressure of oxygen in the beam. 

Atomic Oxygen.-Langmuir's3 method of thermal dissociation was 
tried. An iridium filament was used a t  first. Iridium has a high melting 
point and its oxide is reported to  dissociate a t  high temperatures, so that 
furnaces wound with iridium wire can be operated in contact with the 
atmosphere. At low pressures of oxygen, however, the glass walls near the 
filament were soon coated with a black deposit of what was presumably 
iridium oxide so that the use d iridium was abandoned in favor of platinum. 
With a platinum filament heated near its melting point in an oxygen pres- 
sure of a few tenths of a millimeter marked oxidizing action was obtained 
on a large number of substances which were introduced into the chamber 
within a few centimeters of the filament. It was not possible to  say 
whether the active species was atoms or activated molecules, and it was not 
possible to  obtain any activation in a beam formed with the hot filament 
directly in front of the source slit. The lack of activity in the beam is 
probably accounted for by the very small concentration of active species 
existing in the neighborhood of the filament. 

I n  all further experiments upon atomic oxygen the electrodeless discharge 
was used. This arrangement eliminates the disturbing action of the elec- 
trodes and the frequent replacement of electrodes necessary with a gas 
such as oxygen. Details of such an apparatus have been described by 
Kurt  and Phipps.Ig 

The reaction of oxygen in the electrodeless discharge a t  a partial pressure 
of 0.1 mm. is strongly oxidizing upon any substance placed in the discharge 
tube. Lead oxide is oxidized to the dioxide, the blue reduced oxide of 
molybdenum is converted to the yellow trioxide and numerous other sub- 
stances were tested in a similar way. No exceptions were found to  this 
generalization and the reaction was extremely rapid. 

Reducing Action of Atomic Oxygen.-The only reaction hitherto 
recorded for molecular beams from the oxygen discharge is the conversion 
of lead oxide to the dioxide, which was used by Kurt and Phipps. They 
showed by the magnetic moment that this reaction was due to the atom. 

1t is well known in chemistry that molecular oxygen is evolved by hydro- 
gen peroxide in the presence of many metallic oxides and the reaction is 
usually described as reduction. A satisfactory mechanism is provided if 
it is assumed that the hydrogen peroxide liberates atomic oxygen. This 
suggested to the authors that a similar reducing action might be anticipated 
with atomic oxygen. Silver oxide was tried first and afterward a number of 
other metallic oxides, including the trioxides of tungsten and molybdenum. 
A surface coated with the oxide was exposed to the beam from the electrode- 
less discharge in oxygen for some hours. The beam was formed by two 

a Langmuir, THIS JOURNAL, 37,417 (1915). 
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slits 0.1 mm. in width by 1.4 mm. length placed six cm. apart. No reaction 
was obtained with any oxide except molybdenum trioxide. In  the case of 
molybdenum trioxide a slate-blue image was produced on the target which 
appeared like the image produced by atomic hydrogen. The slate blue 
color is generally accepted as characteristic of one of the lower oxides of 
molybdenum, probably Mo3Os. The image could be obtained with atomic 
hydrogen in about fifteen minutes. With atomic oxygen a somewhat 
longer time was required but the image always appeared in less than an hour. 

Pure oxygen was prepared from various sources and passed over heated 
copper oxide to remove traces of hydrogen. The oxygen was always passed 
through a liquid-air trap. In every case the reaction was obtained, so 
that it was shown conclusively that the reaction was produced by pure 
oxygen containing only the traces of water vapor that might be given off 
by the walls of the discharge bulb. As the discharge bulb was often oper- 
ated continuously for hours and in some cases a second liquid-air trap was 
connected directly to the discharge bulb, the amount of moisture in the 
oxygen must have been very small indeed in some runs, but the reaction 
was not noticeably affected. Copeland4 has reported that an appreciable 
amount of water vapor must be present in order to obtain a good line 
spectrum with the electrodeless discharge in oxygen. We are not able t o  
confirm this. The discharge was not quite so steady when the second 
liquid-air trap was connected directly to the bulb but in all cases the line 
spectrum of oxygen was obtained and the reaction with the trioxide. It 
is our opinion that water vapor is not necessary to bring about the dis- 
sociation of oxygen, but that its presence is necessary to  prevent the re- 
combination of the atoms on the walls of the tube is shown conclusively by 
the work of Rodebush and Troxel on the heat of diss~ciation.~ 

The molybdenum trioxide was "smoked" on the target in a finely divided 
condition by burning a molybdenum wire under it. It was not possible 
to produce enough of the "reduced" oxide to make any sort of a chemical 
analysis but when beams of atomic oxygen and atomic hydrogen were 
alternately impinged on the target no change in the appearance of the blue 
image was observed. It was not possible to produce the blue coloration 
with atomic oxygen unless the target was separated from the discharge 
tube by two slits. When a single pinhole slit was used, no action was ob- 
tained on the target. 

In order to identify the active species the oxygen beam was passed 
through an inhomogeneous magnetic field using the arrangement described 
by Kurt and Phipps. The central undeviated line was obtained but the 
fainter side lines characteristic of atomic oxygen were not obtained although 
the run was continued for more than twenty-four hours. 

Private communication to the authors. * 

To be published shortly. 
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The reaction which takes place between a beam of atomic oxygen and 
molybdenum trioxide is believed to be 

3MoOa + 0 MoaOs + Q 

It has not been proved of course that the reaction is the same for atomic 
oxygen as for atomic hydrogen. It seems very doubtful, however, if a 
higher oxide of molybdenum than MOO, would have an appearance identi- 
cal with the partially reduced oxide and none is known to exist. This 
conclusion is strengthened by the fact that the blue oxide is quickly changed 
to the yellow trioxide on direct contact with the discharge in oxygen, which 
has been shown to have a strongly oxidizing action on most substances. 

The Stern-Gerlach experiment shows that the reducing action cannot be 
due to  hydrogen, traces of which might be produced from the water evolved 
from the glass surfaces. Since the side lines characteristic of the oxygen 
atom were not obtained, it does not prove conclusively that atomic oxygen 
is the reducing agent. The central undeviated line might be due to the OH 
molecule or to an activated oxygen molecule in the 'Z state for example. 
Since the hydroxyl molecule must be present in vanishingly small amounts 
and i t  is difficult to formulate a reaction for either hydroxyl or the oxygen 
molecule, there seems to be no reason to doubt that the reaction is due to 
the oxygen atoms. 

There remains to be considered the question of why the side lines were 
not obtained in the Stern-Gerlach experiment. These side lines are 
characteristic of the 3P1 and 3P2 states of the oxygen atom. It might be 
assumed that only the 3Po state reacts with the molybdenum trioxide but 
this would appear a fanciful hypothesis. The more reasonable explanation 
is to be found in the fact that the reduction can only be brought about when 
the active species is passed through a double slit system. Evidently the 
reducing action can only take place in the presence of a very low pressure of 
molecular oxygen. The partial pressure in the deflected beam of the atoms 
in the 3PI and 3P2 states is very small indeed and we may suspect that there 
is a critical value for the ratio of the partial pressure of atoms to the partial 
pressure of molecules below which the reduction does not take place. 

An exhaustive search failed to discover any surface with which a beam 
of oxygen molecules will react to give a visible image. 

A beam of oxygen atoms appears to give the same reaction with molyb- 
denum trioxide as a beam of atomic hydrogen. This reaction is believed 
to  be represented by the equation 

3M04  + 0 = MosOs f O2 
URBANA, ILLINOIS 
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During the past few years the Pacific Experiment Station of the U. S. 
Bureau of Mines has received many inquiries regarding the vapor pressure 
of antimony trioxide. The applicability of such information to the study 
and improvement of technical methods involved in lead softening, as well 
as the possible value of such data to the manufacturer of pigments and 
rubber fillers, has been the incentive in making the following measurements. 
This work also has an essential place in et general program of investigation 
being carried on by the Pacific Experiment Station of the Bureau, dealing 
with the determination of the thermodynamic properties of metallurgically 
important materials, such as oxides and sulfides. 

Preliminary Measurements and Selection of Methods.-Solid anti- 
mony trioxide exists in two crystalline forms, cubic and' orthorhombic, 
and has a transition temperature at 570 + 10" as determined by Roberts 
and F e n ~ i c k . ~  The cubic form is stable below the transition temperature, 
and the orthorhombic modification is stable from the transition tempera- 
ture to the melting point, which has been given by Quercigh4 as 65fi0. 
Preliminary experiments showed that vapor pressures ranging from a 
fraction of a millimeter to a total of several centimeters prevail in the 
temperature range 500-800'. 

Two serious difEiculties beset any attempt to measure vapor pressures of 
antimony trioxide. At very low total pressures, thermal dissociation of 
the oxide becomes apparent, and in fact it proved impossible to resublime 
even under moderate vacua without always producing small amounts of 
antimony metal. At higher temperatures, and especially in the case of the 
molten oxide, the material is an active slagging as well as oxidizing agent, 
preventing the extensive use of both vitreous and metallic containers. 

After some testing of a variety of materials, silica glass was found usable 
below about 800°, when the time of contact of liquid oxide and glass was 
not too great, although it was slowly and continuously slagged. 

From these preliminary experiments it was apparent that the inert gas 
saturation method would be suitable for the determination of the vapor 

Published by permission of the Director, U. S. Bureau of Mines. (Not subject 
to copyright.) 

a Assistant Physical Chemist, Pacific Experiment Station. U. S. Bureau of Mines, 
Berkeley, California. 

"oberts and Fenwick, THIS JOURNAL, 50, 2125 (1928). 
* Quercigh, Atti Accad. Lincei, [5] 21,415 (1912). 
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pressures of the solid oxide, but that ordinary methods such as the "boiling 
point" method would be unsuitable for the liquid, both because of the order 
of magnitude of pressure involved, and because long contact and agitation 
were to  be avoided to prevent excessive slagging. By the use of a special 
form of tensimeter the difficulties attendant upon measurements of the 
liquid oxide were overcome in sufficient degree to furnish adequate, if not 
completely satisfactory, vapor pressures. Experiments upon the solid 
oxide, by the inert gas method, and upon the liquid by the new method, 
will be described separately, and in order. 

Part I. Sublimation Pressures of Solid Antimony Trioxide 

Preparation of Materials.-Samples of cubic and orthorhombic crystals were pre- 
pared by repeated sublimation and condensation in vacuum, and finally in nitrogen, a t  a 
temperature at which only the desired crystalline form was stable. Since antimony 
trioxide readily absorbs oxygen a t  elevated temperatures, to give more stable higher 
oxides (tetroxide), great care was taken to prevent the presence of elemental oxygen 
both during preparation and measurement. 

Method.-The inert gas saturation method used for the solid forms of oxide was 
practically identical with that used by Eastman and Duschak6 and need not be again 
described. One essential modification which was made, however, consisted in the fitting 
of the apparatus with a condenser tube of very light mass (about 1 rnm. bore) which 
could be weighed on the button balance. Experiments of long duration were unsatis- 
factory because of the slight corrosive action of antimony trioxide vapor on the weighing 
tube even a t  a few millimeters' partial pressure. I t  was better, therefore, to use a sensi- 
tive button balance to determine a few milligrams of condensed oxide rather than to 
attempt to secure equal accuracy from greater amounts of condensed oxide produced 
over longer sublimation periods. 

The lower limit of pressures measurable by the saturation method was 
determined by the precision with which minute quantities of sublimate 
deposited in the gas outlet tube could be weighed. All other factors, such 
as the completeness of saturation and the accuracy of measurement of the 
volume of nitrogen and the temperature of the furnace, were so controlled 
as to produce negligible errors in comparison with the unavoidable vari- 
ations of weights. By the use of the button balance the limit of the vapor 
pressure measurements was extended to a low range; in fact, weighings 
were made of samples of condensate as small as 0.00016 g., corresponding 
a t  460' to a partial pressure of 0.0169 mm. of antimony trioxide vapor in 
the saturator. 

At temperatures above 600' the corrosive action of the antimony tri- 
oxide vapor began to glaze the inside surface of the quartz saturation 
chamber as well as to attack the quartz outlet tube with considerable effect 
on the accuracy of weighing the deposited sample. This glazing action, 
although not completely disastrous to the method up to 640°, may account 
for the slight irregularity of the values in this range (see Fig. 2). 

6 Eastman and Duschak, U. S. Bureau of Mines Technical Paper 225. 
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Results of Inert Gas Method.-In Table I are shown the results ob- 
tained by measurements on cubic crystals of antimony trioxide, and Table 
I1 shows similar figures for the orthorhombic form. In  the calculation of 
vapor pressures, the mole of trioxide in the gas phase was taken as SbaOs, 
in accordance with the results of V. Meyer and H. Mensching6 and of 
Biltz.? The pressures are reduced to millimeters of mercury a t  0'. 

The determined values in Tables I and I1 are shown as individual points 
in the chart of Fig. 2, where the logarithm of pressure is plotted against 
the reciprocal temperature in the conventional way. 

TABLE I 
VAPOR PRESSURE BY INERT GAS METEOD OF CUBIC CRYSTALS 

Weight of 
SbzOa Total Calcd ress. 

Temp., Mole of Nz condensed, press., (~b;&)a)~, LbgiJ, - 108 
O K .  (satd ) g. mm. of H g  mm. of H g  (mm.) T. OK. 

742 0.01227 0.00016 758.4 0.0169 -1.7705 1348 
755 .01543 .00038 758.2 .0319 -1.4955 1325 
767 .01561 .00064 754.8 .0528 -1.2783 1305 
780 .01676 ,00104 754.0 .0802 -1.1060 1285 
797 .01400 .00165 759.9 .I530 -0.8145 1255 
816 .01423 .00350 759.3 .319 - .496 1226 
827 .00917 .00358 757.3 .505 - .296 1210 
839 ,01041 .00566 756.1 .703 - .I53 1191 

Temp., 
OK. 

742 
742 
862 
862 
862 
876 
876 
888 
886 
897 
900 
900 
917 

Weight of 
SbzOa Total Calcd. press. 

Mole of Nt condensed, press., (SbaOa)~, 
(satd ) g. mm. of H g  mm. of Hg 

0.01148 0.00019 758.9 0.0215 
.01237 .00020 763.5 0.02108 
.01625 .0198 762.8 1.585 
.01596 .0196 761.4 1.594 
.01717 .0210 760.1 1.580 
.01634 .0278 759.8 2.200 
.01626 .0263 759.7 2.095 
.01530 .0393 762.0 3.330 
.01616 .0399 760.9 3.231 
.01740 .0599 761.7 4.470 
.01537 .0428 759.1 3.600 
.01507 .0485 759.6 4.155 
.01580 .0735 758.0 5.980 

Log 9, 
mm. 

-1 .F68 
-1.676 

0.205 
.203 
.I99 
.343 
.322 
.523 
.509 
.651 
.557 
.619 
.777 

Part 11. Vapor Pressures of Liquid SbzOs 
Method.-The tensimeter method used for l~quid oxide is best described by refer- 

ence to the diagram of Fig. 1. A U-manometer of silica glass, M, has parallel legs five 
or six inches long, axially separated some four inches. Each leg is provided with a silica 
glass hook, H, one of which engages the fixed support R, the other being connected 

V. Meyer and H, Mensching, Ber., 12, 1282 (1879). 
H. Biltz, 2. pkysik. Chem., 19, 385 (1896). 
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through the quartz glass fiber G with the arm of a good analytical balance, B. The 
whole manometer is thus freely suspended in the uniform temperature zone of an elec- 
tric furnace, F. The leg at  the fixed support has the side arm S, containing the oxide to  
be measured. The manometric fluid B is metallic bismuth. Both legs of the manom- 
eter are highly evacuated at  the beginning of an experiment, and sealed, the tempera- 
ture of the whole being below that a t  which vapor pressure is detectable. When the 
whole manometer is now slowly heated, the displacement of the bismuth column due 

to vaporization of oxide is determinable from 
the weight necessary to restore the zero position 
of the balance. 

The manometer swings freely between the 
supparts and h d s  its equilibrium position. It 
is obvious that the center of gravity must be so 
adjusted that the two legs of the manometer 
remain stable in the vertical plane, but the 
center of gravity must not be too far below 
the axis of support if good sensitivity is to be 
obtained. 

The balance B is well shielded from the heat 
of the furnace, the quartz fiber connection being 
made through a small-bore silica glass tube in- 
serted in the insulating material and plug P. 
The top of the furnace and the balance are 
rigidly mounted by suitable supports. The 
furnace itself is cylindrical in shape with inside 
dimensions 5 X 14 inches. I t  is mounted on a 
geared rack and may be raised about the ma- 
nometer and fitted snugly about the top plug P. 

I t  is apparent that this tensimeter must 
be calibrated before use. The balance weigh- 
ings give in effect only the displacement of the 

Fig. 1. center of gravity of the instrument as produced 
by the shift of the manometer liquid. The cali- 

bration is accomplished by determining the change in apparent weight produced by 
known heights of mercury in the cold manometer. 

The manometer tubes were selected for uniform bore, and so formed that the two 
arms were parallel and straight over the height of column to be used. For the purpose 
of calibration the ends were left unsealed and were about half filled with clean mercury. 
A small Bunsen valve was fitted on the high side of the manometer in order that the 
mercury might be held a t  various levels during the calibration. The furnace F was 
lowered and the manometer with the mercury was suspended so that the high side hung 
from the quartz fiber. The supports were so adjusted that the center of gravity was 
well up near the line between the two supports, but low enough so that the manometer 
was always stable in the vertical plane, when the difference in columns was a maximum. 
When the manometer is held in the zero position, as indicated by the pointer of the 
balance, only vertical forces are transmitted by the fiber suspension. 

For the actual calibration a cathetometer was used to make readings of the heights 
of the various displacements of the mercury column corresponding to the weights bal- 
ancing the downward force on the quartz fiber. Figure 3 shows a graph of such weigh- 
ings in grams and corresponding heights in centimeters of mercury, and constitutes a 
calibration for one of the manometers used. If the manometer were perfectly con- 
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stmeted and the suspension were frictionless and unaltered during the calibration, the 
points would fall on a straight line. Each manometer had its own characteristic m e .  
but the slope of the Iine depends only upon the bore of the t h  and the distance be- 
tween the two supports. The nearly precisely constant ratio between increases in weight 

and increases in pressure over the whole range of the manometer is shown in Fig. 3, 
by the close approximation to a straight line. The chart shows that an increase in 1 g. 
weight of the downward force on the quartz fiber support corresponds to an  increase 

24 28 32 36 40 
Grams. 
Fig. 3. 

of 0.5823 mm. of mercury pressure in the manometer. Since silica glass has little 
thermal expansion, the calibration of the apparatus remains practically unaltered over 
wide temperature ranges. Moreover, it is obvious that for any other manometer fluid 
of different density ranging over the same heights of column for which the calibration 
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was made, the increment of weight above that  corresponding t o  zero pressure will always 
be proportional t o  the pressure (measured in mm. of mercury) as  determined from the 
calibration chart with mercury, provided that the bore of the manometer is true t o  within 
the  accuracy of weighing. This avoidance of density corrections for the manometer 
fluid a t  high temperatures is one of the chief advantages of the tensimeter. 

Bismuth was chosen as the manometric fluid for making the vapor pressure deter- 
minations. I t  is liquid and has a negligible vapor pressure over the range of tempera- 
tures required, and has rio stable oxide with a lower dissociation pressure than antimony 
trioxide. If this latter were not the case bismuth trioxide would be formed in the sample 
side of the manometer by reaction with the antimony trioxide vapor. The work of 
Simon and Thale9 has shown the dissociation pressure of (SbzOa)~ t o  be of the order of 
magnitude of 10-8 mm. a t  656'. the mdting point. It may also be noted that  the free 
energy of formation of SbzOa a t  room temperature as given by Schuhmanng is -148.6 
Cal., which is considerably greater than the free energy of formation of Biz03, -119.2 
Cal., as  calculated from Ditte and Metzner'slo value of AH and the known entropies of 
Bi,ll 0 2 l 2  and Bi103.11 The observed fact that  no bismuth oxide was formed confirms 
the initial choice of bismuth. 

After the manometers were calibrated, the two open ends were sealed onto two 
silica glass tubes through which pure bismuth and the solid sample of antimony trioxide 
were introduced into the apparatus. It was found t o  be very important that  both sample 
and bismuth be completely outgassed before sealing the manometer and again pulling 
off the  evacuating tubes. This was practically accomplished by heating the bismuth to 
a red heat for a considerable time while maintaining a good vacuum on both sides of the 
manometer. Finally the sample of antimony trioxide was fused in the small bulb S 
and the manometer sealed off and disconnected from the evacuating apparatus. 

The  outgassed and sealed tensimeter was now ready t o  suspend in the furnace. 
The furnace was brought up t o  temperature beforehand so that the danger of the bis- 
muth freezing and breaking the manometer was avoided. At the outset the tempera- 
ture was such that a weighing corresponding t o  a negligible pressure of (Sba3)z could be 
determined. The temperature of the furnace was then gradually increased and a t  
regular intervals weighings were taken from which the increase in weight and the corre- 
sponding vapor pressures could be obtained. I n  the course of two or three hours a tem- 
perature range from a few degrees below the melting point up t o  temperatures of about 
800" was covered. Rapid slagging of the silica glass manometer commenced a t  this 
point. 

T o  check the results of the balanced manometer, measurements were also made 
with a stationary tensimeter in which the height of the manometer columns was read 
directly. This manometer was similar t o  the balanced form, but was fixed in a special 
furnace made of two large electric muffle heaters placed about 2.5 cm. apart in a well- 
insulated box. The silica glass manometer was in the middle uniform temperature re- 
gion between the two plates. Bismuth was again used as manometer liquid. Narrow 
slits covered with clear mica were left open in the two opposite ends of the furnace in 
order t o  observe the meniscus of the bismuth in the two arms of the manometer. The 
lighting of the inside of the furnace was through the slot in the furnace opposite to  that  
through which the cathetometer was sighted. The side of the manometer containing 
the sample of antimony trioxide was evacuated and sealed. The arm into which the 

8 Simon and Thaler, 2. anorg. Chem., 162,253 (1927). 
9 Schuhmann. THIS JOURNAL, 46,59 (1924). 

' 0  Ditte and Metzner. Compt. rend, 115, 1303 11892). 
11 Anderson, THIS JOURNAL, 52,2720 (1930). 
'2 Giauque and Johnston, ibid., 51,2300 (1929). 
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liquid bismuth 
measurements. 
column directly 

was displaced was kept connected to an evacuating system during the 
The pressures were determined by reading the height of the bismuth 

with a cathetometer. 
In using the stationary tensimeter, corrections for the density of the liquid bismuth 

at various temperatures are necessary. The data for this were taken Rom the work of 
Yoscharu and Maleyama.ls 

Results of Measurements on Liquid Oxide 

The method of the balanced manometer furnishes a large number of 
experimental observations a t  temperatures differing by small intervals, 
and i t  would seem unnecessary to  present data for all individual points. 
Figure 2 shows the individual points obtained. The results of the balanced 
nanometer method are shown as dots and the direct readings as crosses. 

The determinations by the balanced manometer method were made on a 
single sample of oxide with the manometer for which the calibration curve 
is shown in Fig. 3. Two complete series of determinations were made 
over the temperature range from 600 to 800'. In a third final series the 
temperatures were carried to the sfagging point of the sample, evidenced 
by a noticeable vapor-pressure lowering. This occurred a t  about 800°, 
as is dearly shown by the falling off of the plotted values a t  the high 
temperature end of the liquid-phase curve of Fig. 2. The last series was 
stopped a t  975O, and a t  this temperature the contamination of the sample 
with slagged silica was such that there was no further vapor-pressure in- 
crease with temperature rise. There exists a range of about 150° over 
which the vapor pressures of the liquid phase were satisfactorily measur- 
able. Because of the extremely corrosive nature of liquid antimony tri- 
oxide and its power to react with materials suitable for apparatus con- 
struction, it is doubtful whether the range could be lengthened. 

The results obtained with the stationary manometer, shown as crosses in 
Fig. 2, are in fair agreement with those obtained by the balanced manom- 
eter method. Two series of determinations on a single sample were 
made over a temperature range from 650 to 800'. The first series was 
made on slowly ascending and the second on a descending temperature- 
pressure scale. At the completion of the measurements the sample of 
antimony trioxide solidified crystalline, but analysis showed a molal content 
of 10% of silica. This large content of silica in the sample may have been 
partly due to a thin shell of quartz glazed with antimony trioxide which 
scaled off the inside of the manometer on removing the mass of solidified 
sample. 

Derived Vapor Pressure Data.-Assuming that the data obtained may 
be expressed by a straight line upon a log p-1/T chart, analytic expressions 
may be obtained for the various forms of oxide. The vapor pressure of . 

l3 Yoscharu and Malcyama, Sci. Refits. Tdhoku, Imp. Univ. 1st series, 18, 19-46 
(1929). 
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cubic antimony trioxide as shown in the corresponding curve of Fig. 2 is 

that for orthorhombic, 
9625 

log10 Pmm. = 11.318 - - T 
and for the liquid 

3900 10gl~ Pmm. = 5.137 - - T 

where log p is the common logarithm of vapor pressure expressed in milli- 
meters and T is the absolute temperature. 

The mold (Sb406) heats of vaporization a t  the temperatures of the ex- 
periment, calculated from the slopes of the lines of Fig. 2 are as follows: 
for the cubic modification, AH = +47,320 cal.; for the orthorhombic, 
AH = +44,080 cal. ; and for the liquid antimony trioxide, AH = + 17,830 

TABLE 111 
VAPOR PRESSURE OF ANTIMONY ?kIoxmd 

Form of Temp.. Pressure in 
SbrOa "C. mm. of mercury 

Orthorhombic 450 0.010 
(metastable) 

Cubic (stable) 450 .0075 
Cubic (stable) 475 .0224 
Cubic (stable) 500 .0625 
Cubic (stable) 525 .I645 
Cubic (stable) 550 .406 

Computed Transition Temperature 
Cubic and orthorhombic (stable) 557 0.525 
Orthorhombic (stable) 575 0.908 
Orthorhombic (stable) 600 2.42 
Orthorhombic (stable) 625 3.91 
Orthorhombic (stable) 650 7.60 

Computed Melting Point 
Orthorhombic (stable) 655 8.50 
Cubic (metastable) 642 (7.43)' 
Liquid (stable) 675 10.42 
Liquid (stable) 700 13.32 
Liquid (stable) 725 16.90 
Liquid (stable) 750 20.78 
Liquid (stable) 775 25.93 
Liquid (stable) 800 31.76 
Liquid (stable) 825 (38.36) 
Liquid (stable) 850 (45.9) 
Liquid (stable) 875 (54.8) 
Liquid (stable) 900 (64.6) 
Normal boiling point 1456 (760) 

" Values in parentheses are extrapolated from m e .  
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cal. From these data the molal heat of transition of cubic into orthorhom- 
bic oxide is m 8 3 0  = +3240 cal., and the molal heats of fusion are 26,250 
cal. for the orthorhombic and 29,490 cal. for the cubic. For convenience of 
reference, vapor pressures as read from the chart of Fig. 2 are shown 
tabularly in Table 111, which shows the vapor and sublimation pressures of 
the stable modification at 25'-temperature intervals over the determined 
range. 

Summary 
1. The vapor pressures of cubic and orthorhombic solid antimony 

trioxide have been measured between the temperatures 470 and 650' by 
the gas saturation method. 

2. The vapor pressure of liquid antimony trioxide has been determined 
over the temperature range from 656 to SOOO, using a new type of static 
balanced tensimeter. These values were checked by direct tensimeter 
measurement. 

3. Heats of vaporization and transformation have been calculated 
from the vapor pressure data. 

[CONTRIBUTION FROM THg STERLING CHEMISTRY LABORATORY OF YALE UNIVERSITY] 

THE IONIZATION CONSTANT OF WATER AT 25' FROM THE 
ELECTROMOTIVE FORCE OF CELLS WITHOUT LIQUID 

JUNCTION 

In view of the fact that all previous determinations of the ionization 
constant of water by the electromotive force method have involved cells 
containing liquid junctions, it appeared to be worth while to  make a 
determination involving no liquid junctions. This has been accomplished 
by a new method, the basis of which consists of the measurement of two 
electrodes of the second kind, directly against each other in a common 
solution containing ions requisite to the reversibility of both electrodes. 

In the present case, the two electrodes of the second kind were Pt,H%,- 
HaO,OH- and Ag,AgCl,Cl-, and the solution in which they were measured 
was a mixture of sodium hydroxide and sodium chloride. Thus the com- 
plete cell was 

Pt,H2,NaOH (ml) + NaCl (%),AgCl,Ag 

The electromotive force of this cell at 25' may be represented by the 
equation 

Y O I - ~ R Z O  E = E," - E: - 0.05915 log ma-/moa- - 0.05915 log - 
  OH- (1) 
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where 23,' is the normal potential of the electrode Pt,H2,H20,0H- and E; 
is the normal potential of the electrode Ag,AgCl,CI-. If, now, we define a 
quantity E' by the equation E' = E + 0.05915 log mc,/moH-, Equation 1 
becomes 

E f  = E: - E," - 0.05915 log Y- 
YOH - (2) 

and a t  zero concentration of ions 
E f  = E,O - E," (2 *) 

Furthermore, the extrapolation of the E' values to m = 0 should be linear 
with the ionic strength in dilute solutions, since the last term in Equation 2 
contains a ratio of two activity coefficients. Thus, a series of determina- 
tions leading to E' a t  zero concentration will enable a calculation of E," if 
23; is known; but1 

E: = -0.05915 log K, (3) 

where K,  is the ionization constant of water in terms of activities. E: 
may be obtained from measurements of cells of the type Pt,H*,HCI,AgCl,- 
Ag by means of an extrapolation involving the use of the theoretical 
equation of Hi i~kel .~  Although measurements of the hydrochloric acid 
cells have been made at 25' by several  investigator^,^ further measurements 
were deemed advisable to insure a uniformity of technique and to avoid 
possibility of error due to differences in electrodes. Accordingly, measure- 
ments on hydrochloric acid cells as well as sodium hydroxide-chloride cells 
have been made in the present investigation. These measurements furnish 
data for calculating E '  at zero concentration and E;, from which E," and 
K,  follow by Equations 2" and 3. 

Similar measurements with hydrogen and silver chloride electrodes on 
mixtures of sodium chloride with a weak acid and its sodium salt in equi- 
molal proportions should lead to the ionization constant of that weak acid, 
provided that the constant has a value lying between lov5 and lop9; 
or, if suitable corrections are made for ionization or hydrolysis, the range 
may be extended to 10-"nd 10-lo. The principal limitation to the use of 
this type of cell is that no change of phase shall occur at  either of the elec- 
trodes due to reaction with the foreign ion. 

Experimental Procedure 
A Leeds and Northrup Type K potentiometer was used and the working standard 

cell was repeatedly checked against two cells recently standardized by the Bureau of 

''Taylor, "Treatise on Physical Chemistry," D. van Nostrand Co., New York, 
1924, p. 800. 

2 (a) Hiickel, Physik. Z., 26, 93 (1925); (b) Scatchard, THIS JOURNAL, 47, 2098 
(1925); (c) Guntelberg, Z. physik. Chem., 123, 199 (1926). 

a (a) Noyes and Ellis, THIS JOURNAL, 39, 2532 (1917); (b) Linhart, ibid., 41, 
1175 (1919) ; (c) Scatchard, ibid., 47, 641 (1925) ; (d) Nonhebel, Phil. Mag., [7] 2,  
1085 (1926). 



THE IONIZATION CONSTANT OF WATER 3879 

Standards. The two pyrex electrode vessels used were of the U-type, and were adapted 
to a vacuum technique by having an outlet tube a t  the base of the silver chloride elec- 
trode limb and an inlet tube about one-third of the way up on the hydrogen electrode 
limb. A three-way cock attached to the inlet tube allowed this to be used for the 
introduction of both hydrogen and solution. Auxiliary outlets through the rubber 
stoppers carrying the electrodes assisted in washing and removing gas bubbles. The 
electrode vessels were permanently mounted in an air thermostat maintained a t  
25*0.02", with the inlet and outlet tubes projecting, respectively, through the side and 
base of the thermostat. Hydrogen prepared by the electrolysis of a 15% solution of 
sodium hydroxide was passed through pure water at  25' before reaching the electrode 
vessels. Platinum strips, 0.5 by 2.5 cm. coated with platinum black for two to ten 
minutes a t  150 milliamperes, served as hydrogen electrodes. After each determination 
they were heated to a white heat before re-use. The silver chloride electrodes were of the 
Noyes and Ellis type and were used for a number of measurements before being replaced. 
Recrystallized sodium chloride was added in the required amount to an 0.2 M solution 
of carbonate-free sodium hydroxide, prepared as described by Cornog,' and the resultant 
solution was analyzed for hydroxide and chloride ions. This solution was diluted with 
carbon dioxide-free distilled water as required. A carefully standardized 0.2 M solution 
of hydrochloric acid was prepared from distilled acid. The solutions used in the hydro- 
chloric acid measurements were prepared by dilution, both the stock solution and the dis- 
tilled water being weighed to one part in five thousand. All solutions were freed from 
dissolved oxygen by boiling in vacuo before being drawn into the electrode vessels. 
correction being made for the water lost. One liter of solution was used for each wash- 
ing and filling of a cell. The capacity of each cell was 100 cc. The process of washing 
occupied about thirty minutes, which allowed considerable time for soaking out the silver 
chloride electrodes. Constant potential was reached one to two hours after starting 
the hydrogen. Three factors contributed to the elimination of error due to adsorption 
or reaction of the solutions with glass: namely, the use of pyrex vessels, the rapid at- 
tainment of equilibrium, and the approach of the determinations from both more con- 
centrated and more dilute solutions. Removal of dissolved oxygen was shown by 
Giintelbergs to be necessary in the case of hydrochloric acid. In confirmation, results 
0.3-0.4 mv. higher were obtained when 0.01 M solutions were introduced into the cells 
without boiling. 

Experimental Results 

Table I presents the results of measurements on sodium hydroxide- 
chloride cells in which the ratio of ma- to  OH- was within lyO of unity. 
Column 1 gives the total molality, ml + mz; Co1. 2, the observed e. m. f. 
corrected to 1 atm. partial pressure of hydrogen and to unity ratio of mcl- 
to rnoH-, the latter correction amounting to -0.29, -0.10 and -0.08 
mv. in the three stock solutions made up. 

Table I1 presents the results of measurements on hydrochloric acid cells. 
Column 1 gives the concentration of hydrochloric acid in moles per kilo of 
water in  vacuo, Col. 2, the observed e. m. f.  corrected to 1 atm. partial 
pressure of hydrogen, and Col. 3, the deviation of the individual E i  values, 
as calculated by Equations 5 and 8, from the average of these values 
(-0.22239). 

4 Cornog, THIS JOURNAL, 43, 2573 (1921). 
6 Giintelberg, 2. physik. Chm., 123, 199 (1926). 
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ELECTROMOTIVE FORCE IN VOLTS AT 25" OF THE CELLS Pt,Hr,NaOH + NaCI,AgCl,Ag 
Total molality E' observed Total molality E' observed Total molality E' observed 

0.0126 1.05077 0.0326 1.05081 0.166 1.05101 
.0168 1 .05081 .0526 1 .05081 .203 1 .ON83 
.0170 1.05081 ,0844 1.05089 .270 1.05085 
.0212 1.05084 .I30 1 .05082 

TABLE I1 

- E; (Eq. 8) - E; (Eq. 8) - E l  (Eq. 8)  
-0.22239 - 0.22239 - 0.22239 

Molality E observed in mv. Molality E observed in mv. Molality E observed in mv. 

Calculation of Results 

The extrapolation of the E' values of Table I to m = 0 gives 1.05080 
volts. Values of E," were calculated by means of the equation 

-E," = Eobs. + 0.1183 log m + 0.1183 log y ,  (5) 
The values of log y, were calculated by means of Hiickel's equation, using 
three different combinations of constants, as follows 

(a) logy, = - 0.5000 + 0.136 c - log (1 + 0.036 m) 1 + 1.4 (6) 

which is the formula used by Giintelberg5 for his results at 20' 

(b) log 7,  = - 0'5049 @ + 0.1426 c - b g  (1 f 0.036 m) 1 + 1.329 t/l (7) 

which is the formula used by Scatchard6 for results a t  25' 

where N is the second term of formula No. 107 of Gronwall, La Mer and 
Scatchard, THIS JOURNAL, 47,2098 (1925). 
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Sandved,' and has a maximum value of 0.09 mv. The two constants 1.45 
and 0.1338 were determined by trial, with the aid of Scatchard's8 results 
above 0.1 M. The values of c were calculated by means of the equation 

~ 2 6 0  = M - M (0.0029 + 0.0184 M + 0.0001 M2) (9) 
which was derived from data in the "International Critical Tables." 

The average values for E; as calculated by means of the three equations 
are -0.22247, -0.22235 and -0.22239 volt, respectively, with mean devi- 
ations from the average of 0.08, 0.09 and 0.08 millivolt, respectively. The 
average of the three values, -0.22240 volt, may therefore be used for E: 
(EO of the silver chloride electrodes used). By Equation 2* 

Pt,Hz,H20,0H-; E n  = 0.82840 volt 10.10 mv. 

Therefore, by Equation 3 
K, - (0.988 * 0.004) X 10-l4 

Summary 
The ionization constant of water has been determined at 25' from the 

electromotive force of cells without liquid junction and found to  be equal 
to (0.988 + 0.004) X 10-14. 

A new method has been outlined for the determination of the ionization 
constants of weak electrolytes from the electromotive force of cells without 
liquid junction. 

NEW HAVEN, CONNECTICUT 

THE AMMONATES OF COPPER SELENITE1 

BY LOREN C. HURD, GEORGE I. K I $ ~ R R R  AND V. W. MELOCHB 
Rgc~ivtrn J U N E  30, 1930 Pu~~isrrsn OCTOBBR 6, 1930 

As a part of the study of selenium and its compounds being made a t  this 
Laboratory, it was thought that an investigation of the compounds formed 
by the action of ammonia on the metallic selenates and selenite might 
yield results of interest. The present report deals with the compounds 
formed by the action of ammonia on copper selenite. 

During the course of an investigation of a number of ammonates of 
metallic salts, Boutzaureanu2 prepared a monammonate monohydrate of 

7 Gronwall, La Mer and Sandved, Physik. Z., 29,358 (1928). 
8 Scatchard, THIS JOURNAL, 47,641 (1925). 
1 Abstracted from a portion of a thesis submitted to the Facdty of the Graduate 

School of the University of Wisconsin in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy, 1929. This work was started under the direction of the 
late Victor Lenher, continued under the supervision of the late George Kemmererer, and 
completed under the guidance of Professor V. W Meloche. 

Boutzaureanu, Ann. chim. phys., 6, 18, 346 (1889). 



3882 L. C. HURD, G .  I. KEMMERER AND V. W. MELOCHE Vol. 52 

copper selenite. His method of preparation was to dissolve copper selenite 
in ammonium hydroxide and to allow the resulting dark blue solution to 
evaporate. The residue was a blue product corresponding in composition 
to the formula CuSeOa-NHa.HZO, 

Preparation of Copper Selenite Dihydrate.--The direct neutralization 
of selenious acid with copper carbonate or precipitated copper oxide yielded 
a flocculent green precipitate, the color and composition of which varied 
with the preparation. Boutzaureanu2 converted this basic salt to the 
normal dihydrate by subjecting it to the action of a 5% solution of selenious 
acid in a closed bomb at  a temperature of 250' for two hours. I t  was found 
that although this method yielded the normal dihydrate, it was usually 
contaminated with small amounts of elementary selenium. Inasmuch as 
almost all of the preparations to be described were checked on the weight 
conversion basis, it was necessary to devise a method of preparation which 
would yield pure copper selenite dihydrate in large quantities. 

The most satisfactory method for the preparation of copper selenite was 
t o  add to a hot 15% solution of selenious acid a saturated solution of copper 
acetate. The flocculent green precipitate first formed immediately 
redissolved and precipitated the slightly soluble copper selenite dihydrate. 
The product was filtered on a sintered glass plate, washed with a 1% solu- 
tion of selenious acid and then with distilled water. Analysis of the air- 
dried product yielded results in harmony with the calculated values for 
the dihydrate. In some cases the water content was slightly higher than 
the calculated percentage. In such cases the selenium and copper content 
was correspondingly low. The methods of analysis used through the 
work have been described in an earlier paper.a 

The Hydrated Ammonates of Copper Selenite 
Copper Selenite Diammonate Monohydrate.-Fifty grams of copper selenite 

dihydrate was dissolved in 50 cc. of concentrated ammonium hydroxide and the solu- 
tion transferred to an eight-inch pyrex tube. The tube was placed in a thermostat a t  
60 O and a rapid stream of ammonia gas passed into the solution. Following the evapora- 
tion of the bulk of the liquid there remained a mass of blue crystals. The product was 
removed from the tube, transferred to a sintered glass filter and pressed dry by means of 
a piece of rubber dental dam tied over the top of the funnel. Following the removal 
of most of the liquid, the product was placed over freshly ignited time for one hour. 
Analysis of the material yielded results in accord with the calculated values for CuSeOo- 
2NHsHz0. 

Anal. Calcd. for c~SeOa.2NHa.Ha0: CuO, 32.76; Se, 32.61; NH3, 14.02. Found: 
CuO, 32.42; Se, 32.20; NH3, 14.45 (all av. of 3 detns.). 

Copper selenite diammonate monohydrate was a blue crystalline salt, the color of 
which was slightly lighter than the B shade of the normal tone of Mulliken's color stand- 
ards.& It was very unstable. Traces of moisture caused a liberation of ammonia with 

a Hurd and Lenher, THIS JOURNAL, 52,3857 (1930). 
4 Mulliken, "Identification of Pure Organic Compounds," John Wiley and Sons, 

Inc., New York, 1904, Color Charts, Vol. I. 
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the formation of lower ammonates and basic salts. The amona te  was not completely 
soluble in water but dissolved readily in acids and ammonia solution. It was insoluble 
in liquid ammonia. 

Copper selenite diammonate monohydrate was also prepared by the action of an- 
hydrous ammonia gas on copper selenite dihydrate at  25". The product was usually 
slightly moist in spite of prolonged exposure over desiccating agents in an atmosphere 
of ammonia. The compound when prepared in this manner usually contained f ightly 
more water and ammonia than the calculated amounts. 

Passage of ammonia into an ammoniacal solution of copper selenite did not yield a 
precipitate until the solution was cooled below 10". Below this temperature a mass of 
crystals was obtained which when warmed melted to a blue viscous liquid. Analysis 
of numerous samples did not yield results in harmony with values calculated from any 
simple formula. Analysis of acid solutions of the product indicated the copper selenite- 
ammonia ratio to be as 1 : 3. 

Copper Selenite Monamrnonate Monohydrate.-Solutions of copper selenite con- 
taining an excess of ammonia were allowed to evaporate slowly a t  room temperatures. 
After a short time a green deposit was formed on the sides and bottoms of the crystal- 
lizing dishes. Analysis of the product indicated that it consisted essentially of a basic 
copper carbonate. A few small crystals were deposited over the bulk of the green scale. 
Analysis of these products yielded results in approximate agreement with values calcu- 
lated from the formula CuSe03.NH~.H20. However, when solutions of copper selenite 
in carbon dioxide-free ammonium hydroxide were allowed to evaporate out of contact 
with air, a large mass of green crystals was obtained. Analysis of this product sub- 
stantiated the formula assigned by Boutza~reanu.~ 

Anal. Calcd. for CuSe03.NH3.H20: CuO, 35.25; Se. 35.07; NH3, 7.54 Found: 
CuO, 35.13; Se, 34.95; NHa, 7.67 (all av. of 3 detns.). 

Copper selenite monammonate monohydrate so prepared was a dark greenish-blue 
crystallitie mass. It was not readily soluble in water but dissolved easily in dilute 
mineral acids and ammonia solution. I t  was not altered by prolonged exposure to air 
and remained unchanged over phosphorus pentoxide. The compound was also prepared 
by exposing CuSe08.2NH3.H20 to the air. Ammonia was evolved and analysis of the 
light green powder remaining indicated that its composition was the same as that of the 
salt prepared in the manner of B~utzaureanu.~ 

Anal. Calcd. for CuSe03.NH3.HeO: Cu0, 35.25; Se, 35.07; NHz, 7.54. Found: 
CuO, 34.94; Se, 35.05; NHs, 7.67 (all av. of 3 detns.). 

Anhydrous Ammonates of Copper Selenite 
Copper Selenite Diammonate.-CuSe03.2NH3 was prepared from CuSeOa.ZNH3.- 

Hz0 in the same manner in which Dennis and Kolle* prepared CuSeO4.4NHa from 
c u S e 0 ~ 4 N H ~ . H ~ 0 .  Samples of CuSeOa.2NHz.HzO were placed in a soda lime desicca- 
tor and the system held a t  a pressure of about 15 mm. for six days. Analysis of the 
residue established the composition of the compound. 

Anal. Calcd. for CuSe03-2NHa: CuO, 35.39; Se, 35.23; NHa, 15.15. Found: 
CuO, 35.29; Se, 35.21; NH3, 15.15 (all av. of 3 detns.). 

Copper selenite diammonate is a light blue compound, the color of which matches 
closely the color GB, tint 1 of Mulliken's charts4 The compound is quite stable, sam- 
ples losing little weight after prolonged desiccation over soda lime or phosphorus pentox- 
ide. When treated with water a basic precipitate was formed and only a small portion 
of the sample dissolved. It was insoluble in liquid ammonia but reacted with ammonia 
gas to form higher ammonates. 

Dennis and Koller, THIS JOURNAL, 41, 949 (1919). 
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Copper Selenite Triammonate.--It was found that either CuSeOa.2NH3 or 
CuSeOrNH~I-I~O would react with ammonia gas a t  0' to form an ammonate of higher 
ammonia content. In the case of C~Se0s.NHaHn0 water was liberated. From the 
volume of ammonia absorbed by a given weight of the diammonate it was found that the 
stable phase a t  0' was CuSeOs.3NHa. 

Twenty grams of CuSeOn.NH,HzO were treated with a rapid stream of anhydrous 
ammonia gas at 25' to remove the water and form the anhydrous diammonate. Follow- 
ing the removal of the water the reaction tube was immersed in an ice-bath and treat- 
ment with ammonia gas continued. Analysis of the product indicated that the formula 
of the addition compound was CuSeOs.3NHa. 

Anal. Calcd. for CuSe03.3NHa: Cu0. 32.90; Se, 32.75; NHs, 21.12. Found: 
CuO,32.96; Se, 32.69; NH1, 20.93 (all av. of 2 detns.). 

Time in minutes. 

Pig. ~.-CUS~OW~NHJ to cuSeOs-3NH1. 

Copper selenite t r i m o n a t e  so prepared had a bright blue color midway between 
the GB and B normal tone colors of Mulliken's charts.' The ammonate was partially 
soluble in water. I t  was relatively unstable and decomposed into the diammonate and 
ammonia when stored a t  room temperature. The transition point was found to be in 
the neighborhood of 19.8'. 

Copper Selenite Tetramm0nate.-Fifty grams of copper selenite dihydrate was 
placed in an eight-inch pyrex test-tube and treated with ammonia gas a t  a temperature 
of 60°. After eight hours' passage of the gas, the product was removed, crushed and the 
ammonia treatment continued until the last traces of water had been removed. The 
tube was then cooled and immersed in a Dewar flask containing liquid ammonia. Pas- 
sage of gas through the mass was continued until there seemed to be no further absorption. 
Anhydrous liquid ammonia was then condensed in the tube and the suspension thor- 
oughly stirred. Following removal of the liquid, large samples were quickly removed 
and sealed into tubes. The tubes were weighed, broken under dilute acid and analysis of 
the solution made in the usual manner. 

A d .  Calcd. for CuSe08.4NHs: Cu0, 30.74; Se, 30.59; NHx, 26.31. Found 
CUO, 30.39,30.12; Se, 30.25, 30.01; NHa, 25.50, 25.86. 

Inasmuch as analytical results on preparations of the tetrammonate were seldom 
in good agreement, it was thought advisable to investigate the warming curve of the 



Oet., 1930 

system CuSeOs.4NH~CuSe&.3NI& between the temperature of boiling liquid ammonia 
and 0". Accordingly approximately 60 g. of the ammonate was prepared in the man- 
ner described. When the excess of ammonia had been removed, the material was 
quickly mixed with 15 g. of CuSeOa.3NHa and the system allowed to  warm slowly. 
Temperature was indicated by a toluene thermometer and recordings were taken every 
thirty seconds. Figure 1 shows a plot of the results obtained in a typical ran. The 
transition point for the system fell a t  -25 * 1 ". It is interesting to note that  the prod- 
uct may be warmed to 0' in the absence of decomposition products. Figure 2 is illus- 
trative of the type of curve obtained when the triammonate inoculation was not made. 

Copper Selenite Monammonate.-All anhydrous ammonates of copper selenite 
were found to decompose a t  or below 120" to yield CuSe03.NH8. The compound was 
most conveniently prepared by heating CuSeOs.2Hs0 in an atmosphere of ammonia at a 
temperature of 60". When the water had been removed, the temperature was raised to 
120" and the passage of gas continued for several hours. Analysis of the residue estab- 
lished the identity of the salt. 

Anal. Calcd. for CuSeOs.Nfb: CuO, 38.29; Se, 38.11; N&, 8.19. Found: 
CuO, 38.20; Se, 37.99; NHa, 8.17 (all av. of 3 detns.). 

0 10 20 30 40 50 
Time in minutes. 

Fig. 2.-Warming curve for CuSeOs.4NHt in the absence of decom- 
position products. 

CuSeOa.NHs was a green powder when prepared in the manner described. The 
color was close to the BG, normal tone of Mulliken's charts.' It was insoluble in water 
and soluble in dilute mineral acids and ammonia solution. CuSeOs.NH3 absorbed am- 
monia below 120" to form higher ammonates. The compound was stable a t  ordinary 
temperatures and could be exposed to the air with little alteration. Above 150" Cu- 
SeOs.Nfb was decomposed with the liberation of ammonia and the production of re- 
duction products of copper selenite. 

1. A new hydrated ammonate of copper selenite, CuSe03-2NH3.H20, 
has been prepared and identified. 

2. Four new anhydrous ammonates of copper selenite, C U S ~ O ~ . N H ~ ,  
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CuSe03.2NH3, CuSe03.3NHrc and CuSeOa.4NH3 have been prepared, 
identified, and their ranges of stability determined. 

3. Evidence has been given for the existence of a new hydrated am- 
monate having the general formula CuSeO3%3NH3.xHzO. 

4. The work of Boutzaureanu has been checked and the existence of 
CuSeOa.NH3.H20 substantiated. 

MADISON, WISCONSIN 

[CONTRIBUTION FROM THE STERLING CHEMISTRY LABORATORY OF YALE UNIVERSITY] 

THE ACTIVITY COEFFICIENTS OF CESIUM CHLORIDE AND 
HYDROXIDE IN AQUEOUS SOLUTION' 

The present investigation comprises the evaluation of the activity 
coefficients at 25' of cesium chloride and hydroxide from measurements 
of the cells 

Ag I AgCl I CsCl(m) I Cs,Hg I CsCl(O.1) I AgCl I Ag (Type I) 
and 

HZ I CsOH(m) I Cs,Hg I CsOH(0.05) I Hz (Type 11) 

Experimental 
Cells.-Cells of the type developed by MacInnes and Beattie,$ Harned,s Knoble4 

and Akerliif~ were used. A vacuum technique was always employed and all solutions 
were boiled in oacuo before introduction into the cells. Each cell had a capacity of 
100 cc. They were carefully dried before each measurement so as to avoid the waste of 
solution accompanying the usual method of rinsing. 

Electrodes.Si1ver-silver chloride electrodes of the kind referred to as Type I1 in 
a recent investigation by HarnedG were used. The hydrogen electrodes were of plati- 
nized platinum foil 0.7 by 3 cm. in size. The cesium amalgams were made either by 
electrolysis of the chloride in a vessel containing a porous cup which served to separate 
the anode and cathode solutions, or by the electrolysis of cesium hydroxide: Some of 
the measurements of the cells containing cesium chloride were made with a O.O1yo amal- 
gam, while others were obtained by employing a 0.1% amalgam. Both strengths yielded 
good consistent results, although the potentiometer readings were somewhat difficult 
t o  obtain with the O.O1yo amalgam. On the other hand, it is important to note that 
although the 0.1% amalgam gave satisfactory results in the hydroxide solutions, the 
more dilute amalgam did not. 

Cesium Chloride.-This was obtained from the mineral pollucite, Hz0.2Cs~0.2&- 

Constructed from part of the thesis presented by 0. E. Schupp, Jr., to the 
Faculty of the Graduate School of Yale University in candidacy for the degree of 
~ o c t o ;  of Philosophy, 1930. 

2 MacIlmes and Beattie, THIS JOURNAL, 42, 1117 (1920). 
8 Harned. ibid.,  47, 676 (1925). 
4 Knoble, i f i d . ,  45, 70 (1923). 
6 Akerlof, ibid., 48, 1160 (1926). 
6 Barned, ibid., 51, 417 (1929). 
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08.9Si02, by slightly modifying the methods of Cadeffro)r' and Welh,8 so as to obtain 
readily the pure chloride. The finely ground mineral was treated with strong hydro- 
chloric acid and evaporated to small volume on a hot-plate. This strongly acid solution 
was somewhat diluted, fiitered and poured into three to four times its volume of boiling 
ammonium hydroxide solution in order to precipitate the aluminum By adding the 
acid solution to the ammonium hydroxide instead of the reverse process, the precipitate 
could be very rapidly filtered onto a large Biichner funnel and readily washed with boiling 
water. The solution was then evaporated to small volume, the ammonium salts removed 
by nitric acid and the alkali salts converted to the chloride by repeatedly evaporating 
with hydrochloric acid. This mixture of cesium and other alkali metal chlorides was 
concentrated and the strongly acid sdution treated with antimony trichloride to pre- 
cipitate the insoluble double salt, 3CsCl-2SbCls. This salt was hydrolyzed with several 
changes of water, giving an acid solution containing the cesium chloride together with a 
little antimony trichloride, but almost free from other alkali salts. Hydrogen sulfide 
was used to remove the last of the antimony and the solutions evaporated to dryness 
to obtain the very nearly pure cesium chloride. 

For further purification, a concentrated solution of the practically pure chloride 
was heated with an equivalent weight of iodine and chlorine bubbled into the solution 
until precipitation of the CsCllI ceased. Recrystallization yielded a salt free from other 
alkali metals, and it was then decomposed into pure cesium chloride by heating. Chlo- 
ride analyses on the final product calculated to CsCl varied from 99.85 t o  100.0670 on 
different samples of salt. 

The cesium chloride prepared as described above was used directly, or was converted 
to the hydroxide. The chloride and hydroxide used in the measurements were recovered 
in the form of the chloride in the following manner. The solutions were evaporated to 
dryness on the hot-plate, making certain that an excess of hydrochloric acid was present 
when hydroxide had been used. This residue was taken up with water and hydrogen 
sulfide bubbled into the solution to precipitate any dissolved silver, mercury, etc., and 
the solution filtered and again evaporated. At this point the solution was sometimes 
evaporated to dryness, the solid scraped out, ground in a mortar, ignited and used for 
further experiments. At other times the solution was taken nearly to dryness, and the 
greater part of the salt remaining in solution precipitated as a fine, crystalline product 
by the addition of considerable alcohol. The material thus obtained was dried in 
the oven, and then ignited as in the previous case, to obtain the salt ready for use. 

Cesium Hydroxide.-Dilute cesium hydroxide--0.1 and 0.05 molal-was prepared 
by treating a weighed portion of cesium acid sulfate with just enough half normal barium 
hydroxide solution to react completely, keeping the solutions a t  all times out of contact 
with carbon dioxide. The solution thus prepared was filtered through asbestos, care- 
fully tested for sulfate and barium ions, and either sulfuric acid or barium hydroxide 
added when necessary. This solution was again filtered, analyzed and diluted with 
boiled distilled water to the desired concentration. 

The cesium acid sulfate was obtained by treating the cesium chloride with sulfuric 
acid, evaporating until all excess sulfuric acid was removed and the acid sulfate slightly 
decomposed. The salt thus obtained was dissolved in a minimum of hot water and pre- 
cipitated by the addition of a very considerable quantity of alcohol. This yielded a 
material which could be dried in the oven, readily ground and mixed and titrated for 
acid content. From this single analysis, and the assumption that the salt was a mixture 
of pure cesium acid sulfate and normal cesium sulfate, the amount of barium hydroxide 
solution required to react with the sulfate in a given amount of salt was calculated, and 

Godeffroy, B e y . ,  7, 375 (1874). 
Wells, Am. Chem. J., 26, 265 (1901). 
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the two quantities of materials allowed to react. The assumption was evidently cor- 
rect, for tests of the solutions thus obtained showed only faint traces of either barium 
or sulfate ions. 

The more concentrated cesium hydroxide solution was prepared in a similar way. 
A hot barium hydroxide solution of about 1.5 molal concentration was prepared and 
analyzed as accurately as possihle. To a weighed amount of this solution an equivalent 
amount of cesium acid sulfate was added and the two allowed to react. After allowing 
the barium suifate to settle, the clear hydroxide solution was siphoned off through an 
asbestos filter into a second flask, where it was treated with additional barium hydroxide 
or sulfuric acid until the solution was practically free from an excess of either sulfate or 
barium ions. This solution was filtered through asbestos as before, analyzed and di- 
luted with boiled distilled water to make solutions of the desired concentrations. 

The Activity Coefficient of Cesium Chloride.-Table I contains the 
electromotive forces, E, of cells of Type I. These are the mean of the 
number of measurements given in Col. 4. Column 5 shows the maximum 

1 2 3 4 5 6 7 8 9 
Molality Normality No. Max. Diff., 
of CsCl of CsCl E cells diff. HUckel Obsd. Harned mv. 

0.001 0.001 . . . .  ... 0.966 .. . . ... 
. . .  .01 .Om7 . . .  .899 .. . . . . .  

.02 .01993 .... ... .864 .. . . ... 
.05 ,04975-0.03201 2 *0.03 ,803 0.802 0.799 0.07 

. . .  .10 .09931 .00000 . (.747) (.747) 748 .OO 
.20 ,1978 .03111 5 .16 .685 ,685 .688 .OO 
.50 .4885 .07110 5 .32 .598 .596 .601 .18 
.70 '6784 .08568 2 .OO .568 .566 .571 .18 

1.0 .9578 .lo134 5 .07 (. 537) (.537) .537 .OO 
1 . 5  1.4078 .I5925 2 .01 .507 .507 .505 .00 
2.0 1.8405 .I3228 2 .02 .488 .491 .486 .32 
2.5 2.2538 .I4214 2 .16 (.476) (.476) .475 .ll 
3.0 2.6511 .I5020 1 ... .467 .464 .470 .33 
For Hiickel's equation, A = 0.52; B = 0.0160. For Earned's equation, a = 

0.063; B = 0.333; a' = 0.400. 

variation of the readings from the mean. Column 6 contains the activity 
coefficients computed by Hiickel's equation9 

log 7 = - 0'354 - + B(2c) - log (1 + 0.036m) 
1 + ~ 2 / 2 c  

The constants A and B given in the table were obtained by the usual 
method from the electromotive forces of the 0.1, 1 and 2.5 molal cells. 
Column 7 contains the activity coefficient computed from the reference 
value of 0.747 at 0.1 M obtained from Hiickel's equation by the well- 
known equation for the cell, namely 

HiickeI, Phys. Z., 26, 123 (1925). 
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Further, since we desire the vapor pressures of the solutions for further 
studies, and since Hackel's equation is complicated for this calculation, 
we include values computed by Harned'sl0 equation 

log 7 = -@ma' + rum (3) 

The constants B, a' and a are given at the bottom of the table. It is 
clear that in the concentration range of 0.05 to 3 M this equation holds 
satisfactorily . 

The agreement between the observed values and those computed by 
Hiickel's equation is very good as evidenced by the differences in mvs. 
given in Col. 9. That the activity coefficient of cesium chloride falls in 
the expected place in respect to the other chlorides is shown by Fig. 1, 

0 1 .o 2.0 
rn1/z. 

Fig. 1.-The activity coefficients of the alkali chlorides: I, HCl; 
11, LiCI; 111, NaC1; IV, KCl; V, CsCl. 

where the results are plotted along with those obtained by Harned for 
potassium, sodium and lithium ~blorides,~l and by Randall and Young 
for hydrochloric acid.12 

The Activity Coefficient of Cesium Hydroxide in Aqueous Solution.- 
The electromotive forces of cells of Type I1 are related to the activity 
coefficients according to the equation 

10 Harned, THIS JOURNAL, 42, 1080 (1920). 
Harned, ;bid., 51, 416 (1929). 

l2 Randall and Young, ibid., 50, 989 (1928). 
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Since the activity of water is proportional to its vapor pressure, we may 
write 

i'aa~(m,) Y C ~ O H (  ) E + 0.05915 log - = 0.1183 log 
PH~o(w) Y C ~ O H ( ~ O )  

(5) 

We are interested in computing both 'YCsOH, and 7ksOH, or Y ~ ~ ~ ~ / u ~ ~ ~ .  
For the former, we must use Equation 5 and for the latter Equation 4, 
which may be written 

Y & o H ( ~ ~ )  ml 
E = 0.1183 log 7 

Y ~ ~ ~ ~ ( m o )  G 
Table I1 contains the observed electromotive forces, E, and the values 

of r' computed by Hiickel's equation and from the observed electromo- 
tive forces by Equation 4a. Column 2 contains measurements of the 
density of cesium hydroxide solutions. Since the electromotive force 
values were difficult to obtain, a curve was drawn through the observed 
values and the more consistent values given in Col. 5 were read off this 
plot. Column 6 gives the number of measurements of each cell, and Col. 
7 the deviation (+) from the mean. The 0.05, 0.5402 and 1.3205 molal 
cells were used to evaluate the constants in Hiickel's equation which are 
given a t  the bottom of the table. Column 8 contains the values of 'Y' 
computed by Hiickel's equation, Col. 9 the values of Y' calculated by 
Equation 4a by employing 0.831 as the reference value a t  0.05 M, and 
Column 10 similar values computed from the results in Column 5. 

TABLE I1 
THE VALUE OF 7' FOR CESIUM HYDROXIDE IN AQUEOUS SOLUTION 

1 2 3 4 5 6 7 8 9 10 
Molality Density Normality E E No. of Max. T' Y' Y' 
of CsOH of CsOH of CsOH meas. curve cells die. ,  mv. Hiickel Obs. Curve 

0.01016 0.99838 0.01013 -0.07638 -0.0775 2 *0.18 0.905 0.925 0.905 
,02044 .99969 .02037 .04306 .0433 2 .OO .876 .879 .876 
.02550 1.00033 .02541 .03246 .0325 2 .19 .865 .866 .865 
.05 1.00343 .04980 .OOOOO .OOOO . . . . (.831) (.831) ( 831) 
.09065 1.0087 .09021 + .02888 + .0289 2 .02 .SO0 ,804 .804 
.1 1.0100 .09951 . . . . .0336 . . . . .795 . . . .799 
.232 1.0270 ,2303 .07379 .0742 2 .01 .759 .753 .759 
.38 1.0458 .3731 .... ... . . . .750 . . . ... 
.5402 1.0659 .5326 .I1676 .I172 2 .20 (. 753) .747 (. 753) 
.8902 1.1099 .8715 .I4421 .I448 2 .OO .782 .773 .782 

1.0 1.1238 .9774 .... .I517 . . . . .795 . . . .796 
1.3205 1.1626 1.2817 .I6865 .I6865 2 .04 (. 8385) .8385 (. 8385) 

Constants for Hiickel's equation: A = 0.94; B = 0.0663. 

There remains the calculation of r according to Equation 5, which 
necessitates a knowledge of vapor pressures of the solutions. The method 
employed to determine the corrections to the electromotive forces, AE, 
corresponding to the second member on the left of Equation 5 was the 
same as that used by Harned.13 The constants, a, /3 and a' of Equation 3 

la Harned, THIS JOURNAL, 47,676 (1925). 
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were evaluated and the logarithms of the vapor pressure ratios were com- 
puted by the equation 

From the values of 9 thus obtained, A E  was evaluated. Table I11 
contains the results. Column 2 contains the corrections, AE, Col. 3, 

Molal~t y Ecorr., Y Yoba . Y 
of CsOH AE curve Huckel measured IIarned 

0.01016 .... -0.0775 0.905 0.925 . . 
.02044 . . . .  . a 3 3  ,876 .879 . . 
.0255 .... .0325 .865 .866 . . 
.05 -0.00000 .OOOOO ( 831) c.831) (0 831) 
.09065 - .00003 .0289 ,800 ,804 ,803 
1 .00004 .0336 .795 . . .798 
,232 .00016 .0740 .757 .753 ,762 
.38 ,00029 . . . ,746 . . .749 
.5402 ,00044 .I168 ( 747) ,740 (. 748) 
.8902 .00078 .I440 770 76 1 ,769 

1.0 .00090 .I508 ,781 . . ,780 
1 3205 ,00125 ,1674 (.818) .818 ( 819) 

Constants for Hiickel's equation: A = 0.97; B = 0.0604. 
Constants for Harned's equation: a = 0.152; 0 = 0.260; a' = 0.362. 

the corrected electromotive forces obtained by subtracting AE from the 
corresponding values of E given in Col. 5 ,  Table 11. Column 4 contains 
the values of ?' computed by Hiickel's equation, Col. 5 the values of 7 
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computed from the observed electromotive forces by employing the 
reference value of 0.831 at 0.05402 molal concentration. Column 6 con- 
tains the values of 7 computed by Harned's equation. The constants 
A, B, a, B and a' are given a t  the bottom of the table. 

In  Fig. 2 the activity coefficients of the alkali hydroxides have been 
plotted against m"'. The activity coefficient of cesium hydroxide lies 
somewhat higher at  all concentrations but close to that of potassium 
hydroxide. The general rule that the hydroxides show the reverse dis- 
tribution to the chlorides is verified. 

Summary 

1. The activity coefficients of cesium chloride and hydroxide in aqueous 
solution a t  25' have been obtained by measurements of the cells, 

Ag/AgCl/CsCl(m)/CszHg/CsCI(mo)/AgC1/Ag, and 
H ~ / C S O H ( ~ ) / C S , H ~ / C ~ O H ( ~ O ) / H ~  

respectively. 
2. The constants of Hiickel's equation have been obtained from these 

results. 
3. The constants of Harned's equation have been computed. From 

these, the vapor pressures of the chloride solutions may be calculated. 
The vapor pressures of the hydroxide solutions have been computed. 

4. Both the chloride and hydroxide activity coefficients are of the 
expected order of magnitude, and conform with the distribution of the 
same quantities in the cases of the other alkali chloride and hydroxide 
solutions 

NEW HAVEN, CONNECTICUT 

[CONTRIBUTION FROM THE STERLING CHEMISTRY LABORATORY OF YALE UNIVERSITY ] 

THE ACTIVITY COEFFICIENT AND DISSOCIATION OF WATER 
IN CESIUM CHLORIDE SOLUTIONS1 

In  a series of studies, values for the variation of the dissociation and 
the ionic activity coefficient of water in some uniunivalent halide solu- 
tions were computed from measurements of three types of cells without 
liquid j~nct ion.~ 

In the present communication these same quantities have been deter- 
mined in cesium chloride solutions. Further, a somewhat different method 

1 Constructed from part of the thesis presented by 0. E. Schupp, Jr., to the 
Faculty of the Graduate School of Yale University in candidacy for the degree of 
Doctor of Philosophy, 1930. 

(a) Harned, THIS JOURNAL, 47, 930 (1925); (b) Harned and Swindells, ibid., 48, 
126 (1926); (c) Harned and James, J. Phys. Chem., 30, 1060 (1926). 
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of calculation has been employed which shows that the determined values 
depend only on strict thermodynamic pr4nciple~ and one experimentally 
demonstrated proposition. Secondly, as a check, an alternate method 
has been employed. We shall proceed directly to a consideration of the 
experimental results, and let the procedure of calculation develop during 
this discussion. 

The Activity Coefficient of Hydrochloric Acid in Cesium Chloride 
Solutions.-The electromotive forces of the cells 

Ag I AgCl [ HCl(O.Ol), CsCl(m) I H2 j HCl(0.01) I AgCl I Ag (Type I) 
are related to the activity coefficients and concentrations involved by the 
equation 

T H C ~  (m + 0.01) E = 0.1183 log - 0.904 0.01 

This double cell was not measured directly but was obtained by sub- 
tracting the electromotive force of the cell 

Ht 1 HCl(O.Ol), CsCl(9~) 1 AgCl I Ag (El) 
from that, EQ, of the same cell containing 0.01 M hydrochloric acid only. 
The results are given in Table I. The headings of the columns are self- 
explanatory. The final column contains the activity coefficients calcu- 
lated by Equation 1 from the value of 0.904 at 0.01 M given by Randall 
and Y ~ u n g . ~  The measurements were carried out with the usual type 
of cell, and the electrodes made in the usual manner. Up to  a concen- 
tration of 0.7 M cesium chloride the measurements proved to be very 
satisfactory. At this concentration and above, reproducibility decreases 
with increasing salt concentration. 

SOLUTIONS 
Molality E. m. f., Maximum Number Y .  
of CsCl Et diff., r n ~ . ~  of cells Eo-EI HCI 

0.0000 0.46456 *O.O9mv 25 0 0.904 
.O1 .44846 .07 4 0.00610 .874 
.03011 .43296 .07 6 .03160 .835 
.07 .41781 .07 3 .04675 .794 
.1 .41110 .02 4 .05346 .772 
.2 .39739 .04 4 .06717 .729 
.4 -38350 .07 4 .08106 .684 
. 7  .37162 .05 2 .09294 .655 

1.0 .36353 .31 5 .lo103 .643 
1.3434 .35643 .02 2 .lo813 .6375 
1.5 .35363 .03 2 .I1093 ,638 
2.0 .34610 -08 2 .11846 .640 
3.0 .33325 .07 2 .I3131 -671 

" Represents the maximum difference of any measurement from the mean value 
recorded in Column 2. 

a Randall and Young, THIS JOURNAL, 50,989 (1928). 
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That the results obtained are in accord with expectations is shown by 
Fig. 1, in which Y of hydrochloric acid in alkali halide solutions is plotted 
against the square root of the ionic strength. The cesium chloride curve 
falls in the expected position. 

The Activity Coefficient of Cesium Hydroxide in Cesium Chloride 
Solutions.-The electromotive forces of the cells 

Hp I CsOH(mo), CsCl(m) I Cs,Hg I CsOH(m0) I H Z 

may be employed to determine the activity coefficient of cesium hydroxide 
in cesium chloride solutions by means of the equation 

Y' (mo + m )  E = 0.1183 log 7 
yo mo (2)  

= 0.1183 log - a ~ r n ( ~ )  (mo + m, + 0.06915 log - 
Y O  mo ~ H Z O  

(3) 

Y is equal to ~ / Y ~ ~ Y ~ ~ ,  7" equals ~ Y ~ ~ Y ~ ~ / ~ ~ , ~  in the salt solutions, 
and 7': and Yo are like quantities in the pure hydroxide solution oi con- 
centration mo. To evaluate the second member on the right of Equation 
3, we have made use of the method of Harned4 for evaluating the vapor 
pressure ratio of cesium chloride solutions. The constants of Harned's 
equation were obtained from Table I, and the calculations made by Equa- 
tion 6 of a previous communication.5 This necessitated the assumption 
that  the vapor pressures of 0.05 and 0.1 M cesium hydroxide solutions 

Harned, THIS JOURNAL, 44, 252 (1922). 
Harned and Schupp, ibid., 52,3886 (1930). 
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were the same as those of the corresponding strengths of the chloride 
solutions. Since the term under consideration is small, this assumption 
introduces no appreciable error. Two series of results were obtained 
with cesium hydroxide solutions of 0.05 and 0.1 ilf, respectively, of which 
the 0.05 series occurs in Table 11. Since it was necessary for further 

TABLE I1 

THE VALUES OF ~b~~~ = YCeOE/a1120 AND THE TRUE ACTIVITY COEFFICIENT OF 0.05 
MOLAL CESIUM HYDROXIDE IN CESIUM CHLORIDE SOLUTION (me = 0.05) 

m, CsCl lZ, measured E ,  curve .r' curve Ps iPo .o s  r curve 

calculation to know Y' at concentrations corresponding to the hydro- 
chloric acid-cesium chloride system, the observed electromotive forces 
were used to construct a curve from which the results in Col. 3 were ob- 
tained. Column 5 contains the vapor pressure ratio from which the second 
member in the right of Equation 3 was computed. 

The Ionic Activity Coefficient and Dissociation of Water in Cesium 
Chloride Solutions.-It has been shown by Harned6 that even a t  high 
concentrations log r of hydrochloric acid in a uni-univalent chloride solu- 
tion at constant total molality varies linearly with the acid concentration. 
This statement is given by the equation 

log r = aml + log YO (4) 

in which cu is a constant, ml is the acid concentration and log Yo is the 
logarithm of the activity coefficient of hydrochloric acid a t  zero concen- 
tration in the halide solution of concentration m. Harned and Harris7 

Harned, THIS JOURNAL, 48,326 (1926). 
7 Harned and Harris, ibid., 50,2633 (1928). 



3896 HERBERT s. HARNED AND ORION E. SCHUPP, JR. Vol. 52 

found that in the case of very concentrated sodium and potassium hy- 
droxide solutions there is a small deviation from this law. This makes 
no theoretical difference since the only information we require is the 
value of log Yo, and, consequently, if the results can be extrapolated to 
zero concentration of hydroxide by a function which fits the experimental 
material, the data necessary for our calculation are available. In the 
present instance we make no error greater than the experimental by as- 
suming that Equation 4 represents the correct relationship both in the 
case of the acid and hydroxide. 

0 1 2 3 

m, HCI. 
Fig. 2.-+aci- log 7 ~ 7 ~ 1  plots at constant total molalities. 

In Fig. 2 the logarithm of the square of the activity coefficient of hydro- 
chloric acid in pure aqueous solution (shaded circles) and of 0.01 M hydro- 
chloric acid in cesium chloride solutions of the same total concentration 
(circles) are plotted against the acid concentration. The straight lines 
are drawn through the corresponding points a t  the same constant total 
molality. The parallel character of these plots leaves nothing to be de- 
sired. A short extrapolation to zero acid concentration gives 2 log r0 
or log Y&+Y&-. 

In Fig. 3 similar plots have been drawn in the case of cesium hydroxide 
and the hydroxide-chloride results. The extrapolation gives us the value 
of 2 log To' or log ~ & + ~ t ~ - / a ~ ~ ~ .  

~t is very important to observe that both r&+r&- and Y & + Y & ~ - / U ~ , ~  
are now known in the pure aqueous cesium chloride solutions. Conse- 
quently, they may be multiplied to obtain r & + ~ ~ ~ - r $ , + r ~ ~ - / a ~ , , .  If 
this quantity be divided by ' Y ~ , + Y & -  which. we have already evaluated 
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in a previous communi~ation,~ we obtain r R + ~ ; ~ - / a ~ , ~ ,  the ionic ac- 
tivity coefficient product of water in cesium chloride solutions, which 
we shall denote by KT(,,. This method is free of all assumptions ex- 
traneous to exact thermodynamics other than the use of Equation 4 to 
extrapolate to zero concentration of acid or hydroxide. The necessary 
condition for this calculation is that at  constant molality the log Y may 
be extrapolated to zero acid or hydroxide concentration. 

0 0  

- 
; 1.9 
2 
g 1.8 
4 
hl-  

1.7 

- 
1.6 

- 
1.5 I 

0 0.5 1 .O 
m, CsOH. 

Fig. 3.--mc.oa- log rc,roH/aRpo plots at constant total molalities. 

The thermodynamic equilibrium for the dissociation of water into ions 
is given by the equation 

K = Ky(.) ~ H + ~ o H -  (5)  

Therefore, since K,(,, has been computed, the variation of the dissocia- 
tion of water with change in salt concentration may be evaluated. The 
results are given in Table 111. Column 1 contains the total concentra- 
tion of acid and salt, or hydroxide and salt; Col. 2 the value of rRcl, 
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Col. 3 that of YgSO~, Col. 4 YCsCl and Col. 5 the computed value of 
. Column 6 contains the values of the activity of water calculated 
from the vapor pressures by the method of Harned. Column 7 contains 
the values of .~/Y,+-I,,-, and Col. 8 the values of the hydrogen- or hy- 
droxyl-ion concentrations computed by Equation 5, and the value of 
1.005 X 10-l4 for the dissociation constant of water. 

0 0.5 1 
~ ' 1 8 .  

Fig. 4.-The hydrogen- or hydroxyl-ion concentrations in aqueous alkali 
chloride solutions: I, LiCl; 11, NaCl; 111. KC1; IV, CsC1. 

In Fig, 4 are plotted the values of m, for the cases of the alkaline chlo- 
rides up to  1.0 molal. The results for cesium chloride solutions conform 
to  the expected distribution and show the characteristic maximum. 

An Alternate Method of Evaluating the Ionic Activity Coefficient 
Product in a Salt Solution.-The electromotive force of the cell 

Hz I CsOH(mo), CsCl(m) 1 AgCl I Ag 

is given by the equation8 

E = Eo -0.05915 log Y E + Y C I - ~ E + ~ C I -  (6) 

If we substitute for m ~ + ,  its values derived from the thermodynamic 
equation for the dissociation of water into ions, namely, 
m , ~ - ,  we obtain 

I Ya+Yc1- [ E  + 0.05915 log - Eo = -0.05915 log Kaaa - 0.05915 log -- 
YE+ ~ O H -  (7) 

EO is the standard electromotive force of the cell, which we take to  be 
0.2225, and K is the dissociation constant of water. If we plot the left- 

8 The first measurements of this type of cell were made in this Laboratory by Dr. 
Elliott J. Roberts, THIS JOURNAL, 52, 3877 (1930). 
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hand member of this equation against ,u, its value at  zero p is equal to 
0.05915 log K, since a t  zero ionic strength a ~ , ~  is unity and by reason 
of the definition of activity coefficients the second member on the right 
of the equation vanishes. If we rearrange this equation as follows 

0.05915 log = E - Ea + 0.05915 + log K + log rH+rol-] (8) 
aH20 

it is clear that the ionic activity coefficient product of water, ~ H + Y O H - / ~ E I n O ,  
in the cesium chloride solution may be evaluated, since Yw+Ycl- in this 
salt solution may be obtained from Table 111. 

P. 

Fig. 5.-Plot of the left side of Equation 7 against the ioniz strength. 

The cell measurements are given in Table IV, Col. 3. Column 4 con- 
tains the values of (E + 0.05915 log (mcl-/moH-) - Eo) obtained from 
them. Even though careful vacuum technique was employed, the meas- 
urements were not entirely satisfactory. The electromotive force rose 
quickly to a maximum and then slowly fell off. The maximum values 
were recorded. We have, therefore, not employed the results to  compute 
YH+~OH-/aH20. On the other hand, we have computed the value of 
(E + 0.05915 log (mcl-/??zoH-) - Eo) from the values of YH+YCI- con- 
tained in Table I, Y ~ + Y ~ ~ - / ~ ~ , ,  given in Table I11 and the value of 
10-l4 for K. In Fig. 5 we have plotted these values which are given in 
Table IV against the ionic strength, p (circles). The inked in circles are 
the results obtained by the "scond method and given in Col. 4, Table IV. 
Up to 1.0 M the agreement with our previously determined values is good 
although there is a scattering of *0.5 mv. in the results. 
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TABLE IV 
CALCULATIONS ACCORDING TO EQUATION 7 

( E  + 0.05915 log 
m, CsOH m, CsCt E. m. f. (m/%o) - Eo) 

0.02214 0.02113 1.05255 0.8288 
.02204 .03184 1.04162 .8286 
.02228 .07492 1.02101 .8297 
.02237 .08724 1.01756 . S O 1  
.02202 .09391 1.01470 .8295 
.02238 .2330 0.99331 .83 10 
.02203 .2558 .99047 .8310 
.02216 .4377 .97835 .8325 
.02232 .4596 ,97724 .8325 
.02225 .9351 .96193 .8354 
.02211 1.3467 .95404 .8371 

p .................................... 0.1 0.2 0.5 0.7 1.0 
From results of Table I11 (E + 0.05915 

log (mjmo) -Eo). . . . . . . . . . . . . . . . . . . . .  0.8292 0.8306 0.8332 0.8346 0.8367 

Summary 

1. The activity coefficient of hydrochloric acid in cesium chloride solu- 
tions a t  25' has been determined from measurements of the cells 

Hs/HCl(mo), CsCI(m)/AgCl/Ag 

2. The activity coefficient of cesium hydroxide in cesium chloride 
solutions at 25' has been obtained from the cells 

H2/CsOH(mo), CsCl(m)/Cs,Hg/CsOH(mo)/Hn 

3. An exact method, similar to that previously employed by Harned, 
has been used for computing the dissociation of water in cesium chloride 
solutions. 

4. Another method for determining the ionic activity coefficient prod- 
uct and dissociation of water in salt solutions has been described which 
employs cells of the type 

HdMOH(mo), MCl (m)/AgCI/Ag 

Measurements of such cells containing cesium hydroxide and chloride 
have been made, and it is shown that the results conform with those of 
the method previously used. 

5. The values for the dissociation of water in cesium chloride solu- 
tions conform with those previously obtained in the cases of the other 
alkali halides. 

NEW HAVEN, CONNECTICUT 
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THE ACIDITY OF MONO AND DIAMMOMfUM PHOSPHATES 
BY T. R. BALL 

RsCgxvs~  JUNE 30,1930 PUBLXSHBD O C T Q ~ ~ U  6, 1930 

It is well known that many samples of diammoniurn phosphate contain 
varying amounts of the mono salt. The only test bearing upon the am- 
monia-phosphate ratio in the diammonium salt which the writer has been 
able to find is that of the Committee on Analytical Reagents of the Ameri- 
can Chemical Society.' According to this test, 1 g. of the salt in 10 ml. of 
water should give a pink color with 2 drops of phenolphthalein solution. 
This is in no sense a measurement of P H .  The salt effect on the indicator is 
unknown and the intensity of the color is not specified. The present paper 
presents data upon the PH of mono and diammonium phosphates. For 
both salts in dilute solutions this was obtained by titration of phosphoric 
acid with ammonia, and in addition the PH of pure diammonium phosphate 
at  various concentrations was measured with the hydrogen electrode. For 
higher concentrations, the colorimetric indicator method has been used. 

Materials and Procedures 
An approximately 0.10 N solution of phosphoric acid was made by dilution of a 

high grade analyzed sample, and its weight normality as a dibasic acid was determined 
by conversion to magnesium pyrophosphate. 

49 915 g. of soln. yielded 0.2854 g. of Mg~P207; wt n. = 0.1027 
49 943 g. of soln. yielded 0.2854 g. of MgzPz07; wt. n. = 0.1026 

A solution of freshly distilled ammonia was used in the titration of the phosphoric 
acid. I t  was standardized roughly against hydrochloric acid. I n  titrating phosphoric 
acid with ammonia, using a hydrogen-calomel electrode system, the first break in the 
curve, corresponding to the monoamqonium salt, is so sharp as to make the accurate 
standardization of the ammonia unnecessary. Having determined the volume of re- 
agent required to produce NHazPOa, it is only necessary to double this to get the point 
on the curve corresponding to (NH&HPO,. Because of the volatility of ammonia, 
this procedure seemed advisable. All e. m. f.  measurements were made with a Leeds 
and Northrup students' potentiometer. 

I t  is impossible to titrate in an open vessel in a stream of hydrogen because of the 
loss of ammonia in the more alkaline solutions. Consequently a rocking electrode vessel 
was designed consisting of a pyrex tube 13.5 cm. long and 4.3 cm. in diameter, having a 
capacity of 160 ml. This tube was sealed at  both ends and had three tubulatures in the 
side for the insertion of a hydrogen electrode, a buret and a salt bridge. It was mounted 
horizontally on a small shelf attached to a vertical strip of wood 120 cm. long, which 
served as a pendulum, with its center of oscillation just below the shelf. A strip of sheet 
brass, with sharpened edges, ran through the wood to serve as a knife-edge which had 
bearing upon a metal arm clamped to the edge of the laboratory table. A heavy lead 
weight was attached to the lower end of the pendulum to lower the center of gravity. 
The huret was supported by clamps to that portion of the strip which projected above the 
electrode vessel. A hydrogen electrode of platinized platinum was inserted through a 

I d .  Eng. Chem., 19,645 (1927). 
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rubber stopper in tubulature No. 1 and a fine-tipped buret in No. 2. A potassium 
chloride bridge making contact with the calomel electrode, passed through one hole of a 
rubber stopper in No. 3. This bridge had a glass stopcock which was kept closed except 
while the e. m. f. measurement was being taken. A 30.5-cm. length of soft rubber tubing 
in the bridge and also in the hydrogen line gave sufficient flexibility to cause no inter- 
ference with the rocking of the electrode. A hydrogen exit tube in the second hole of 
stopper No. 3 dipped about 1 mm. beneath the surface of mercury in a small vial stand- 
ing upright on the shelf to prevent back-diffusion of air when the hydrogen stream was 
cut off. In  operating, a weighed quantity of the phosphoric acid solution was placed in 
the vessel and a rapid stream of purified tank hydrogen was passed for about thirty 
minutes. By swinging the pendulum the vessel was rocked through an angle sufficiently 
large to cause complete submersion of the hydrogen electrode. Readings were taken a t  
intervals until equilibrium was established and a t  this point the hydrogen stream was 
cut off and the titration started by running in ammonium hydroxide from the buret. 

One source of error that was anticipated with this set-up was the diffusion of ammo- 
nia from the buret tip. A very slight upward drift in the potential was observed if the 
hydrogen electrode was left for some time without intermittent, complete submersion, 
but by rocking the vessel several times, the original reading could be obtained. 

Two curves were run, one of which is shown in Fig. 1. The PH of monoammo- 
nium phosphate was found to be 4.35 in each case. It will be noted that there is no 
break a t  the equivalence point for diammonium phosphate, because of the hydrolysis 
of the salt.a By finding the point on the curve corresponding to twice the volume of 
ammonia required to produce the mono salt, the PH of the diammonium salt could be 
determined. Each curve showed a PEI of 7.75 for this salt. The concentrations of the 
diammonium phosphate were 1.65 and 4.34 g. per liter, respectively, at  the end-points 

2 Buchanan and J Ind. Eng. Chew., 12,448 (1920). 
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af the two titrations. These values will be referred to later in connecti~n with the eBect 
of concentration upon the acidity. 

The test of the Committee on Analytical Reagents makes use of a solution contain- 
ing 1 g. of diammonium phosphate in 10 ml. The above titration method could scarcely 
be applied to such high concentrations. Consequently, a high grade. analyzed, com- 
mercial sample of diammonium phosphate was carefully analyzed for ammonia and phos- 
phorus in order to establish the ratio of these two constituents. Difficulty was en- 
countered in getting check results, especially for ammonia, when small samples of the 
dry salt were taken. This was undoubtedly due to the fact that the salt was not uni- 
form. Finally, a 25-g. sample was diluted to 250 ml. and the solution weighed. 
Weighed portions of this solution were analyzed for phosphorus by conversion to mag- 
nesium pyrophosphate, and for ammonia by distillation into standard acid. Five 
analyses which did not differ from the mean by more than 0.15y0 showed 0.007553 mole 
of phosphorus per gram of salt; calcd. for (NH*)zHPO*, 0.007568 mole per gram. Two 
determinations of ammonia showed 0.01481 and 0.01481 mole per gram; calcd., 0.01514 
mole per gram; ratio NH,: P = 1.96:l. The salt, in addition to being deficient in am- 
monia, probably contained enough water to lower the percentage of phosphorus. 

A solution was made from the original salt by taking a sample of sufficient size to 
yield exactly 50 g. of pure diammonium phosphate after fortification with the calculated 
amount of standard ammonia required to make up the deficiency. This solution was 
then diluted to 500 ml. to give a solution of the concentration used by the Committee. 
Four other solutions were made from this by successive dilution and the PH of each was 
determined by the hydrogen electrode in the rocking vessel already described. For 
these determinations, the apparatus was modified by inserting a two-holed stopper in 
tubulature No. 2. One hole carried the buret and the other a siphon tube with a 
pinchcock. This made it possible to remove the solutions through the siphon and re- 
place them by others from the buret without admitting air. The vessel was flushed out 
with a t  least three 50-ml. podons of solution before the PH measurements were made. 
The PH of the most concentrated solution was also determined calorimetrically with 
aesol red and phenol red. The results are shown in Table I. 

Soln. 

1 
2 
3 
3a 
4 
4a 
5 

PH OP DXAMMONIUM PHOSPHATE AT VARIOUS CONCENTRATIONS 
Concn., --PH-- F 

Concn., g. moles Hydrogen Cresol Phenol 
per liter per liter elect. red red 

" Solutions 3a and 4a were produced by titration. 

The data of Table I are plotted in Fig. 2. The dots on the curve are 
points found by dilution of the pure salt and the crosses designate titration 
data. The maximum deviation from the smooth curve is 0.025 unit of PH. 
From 0.8 to 20 g. per liter the PH is almost a linear function of log 1/C; 
above this concentration the Pa increases rapidly to 8.01 a t  100 g. per liter. 

The salt error for cresol red is very marked in the concentrated solution 
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zinc is best precipitated a t  a PH between 6.5 and 6.9. The titration curve 
of Fig. 1 shows that in this range of acidity from 30 to 50% of the excess 
phosphate would exist as the monoammonium salt. Obviously the usual 
precaution of applying the phenolphthalein test is not necessary. 

(100 g. per liter), being 4-0.29 unit of Pa. Ramage and Miller3 have noted 
an effect of +0.25 unit on this indicator in solutions of alkali chlorides of 
2.5% concentration, and  well^'^ data show errors of the same order. 
Phenol red shows a salt error of only 0.09 unit. Either of these indicators 
could be used empirically to test the ammonia-phosphate ratio, but neither 

gives the correct PH in solutions 

Summary 

2.0 

The PH values of diammonium phosphate solutions, ranging in con- 
centration from 0.8 to 100 g. per liter, have been determined. 

At concentrations up to 20 g. per liter, the PH is almost a linear function 
of log 1/C and increases with the concentration. Above 20 g. per liter the 
PH increases rapidly. 

The test of the Committee on Analytical Reagents of the American 
Chemical Society is accurate, within about 0.4%. 

"amage and Miller, THIS JOURNAL, 47,1230 (1925). 
4 Wdls, ibid., 42,2160 (1920). 
6 Ball and Agruss, ibid., 52, 120 (1930). 

s 

of the concentration used by the 
cominittee. 

Ten ml. of the pure diammon- 
ium phosphate solution (1 g. in 
10 ml.) gave a pink color with 2 

1.6 
X 

0; 
1 

1.2 
3 
4 

0.8 

drops of phenolphthalein, (10 g. in 
1 liter of 95% alcohol) which was 
removed by 0.30 ml. of 0.10 N 
sulfuric acid. The solution con- 
tained a total of 0.007568 mole of 
t h e  diammonium salt.  Only 
0.00003 mole, or 0.38%, would be 
converted into the mono salt by the 
acid required to decolorize the solu- 
tion. The test of the Committee, 
therefore, appears to be sufficiently 

0.0 0a4k 7.7 7.8 7.9 8.0 8.l accurate A word for might all practical be in order uses. regard- 

PH. ing the use of diarnmonium phos- 
Fig. 2.-The effect of concentration upon the phate as a precipitant for zinc. 

PH of (NH4)2 HPO, solutions. 
Ball and Agruss6 have shown that 
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Cresol red shows a salt error of +0.29 unit when applied to the solution 
used by the Committee. Phenol red shows an error of 0.09 PH unit, 

In dilute solution, monoammonium phosphate has a PI% of 4.35. 
A simple, inexpensive type of rocking electrode has been described. 

ST. LOUIS, MISSOURI 

[CONTRIBUTION FROM THE PITTSBURGH EXPERTMIZNT STATION OII THE U. S. B ~ A U  OF 
MINRS] 

EXPLOSIOHS IN DETONATING GAS MIXTURES. I. 
CALCULATION OF RATES OF EXPLOSIONS IN MIXTURES OF 

HYDROGEN AND OXYGEN AND THE INFLUENCE OF 
RARE GASES1 

Historical 

In the year 1381, Berthelot and Vieille4 and independently Mallard and 
Le Chateliel-6 announced the discovery of the propagation of explosions in 
gas mixtures with speeds enormously greater than had been measured 
previously. These investigators were able to measure the speeds in a 
number of different mixtures by means of chronoelectric6 and photographic7 

methods, respectively. Since then, Dixon and others8 have continued 
these studies and have measured the velocity of propagation of the deto- 
nation wave in a large number of gas mixtures. 

Properties of the Detonation Wave.-When certain inflammable 
gas mixtures are ignited at one end of a uniform tube, the initial slow 
movement of the flame is rapidly accelerated to a high speed, which re- 
mains constant, regardless of the length of the tube. The term "deto- 
nation wave'' is applied to the propagation of a disturbance a t  this constant 

Published by permission of the Director, U. S. Bureau of Mines. (Not subject 
to copyright.) Read before American Chemical Society at Atlanta, Georgia, April, 
1930. 

Physical chemist, U. S. Bureau of Mines, Pittsburgh Experiment Station, Pitts- 
burgh, Pa. 

Wonsulting physicist, U. S. Bureau of Mines. Pittsburgh Experiment Station, 
Pittsbureh. Pa. 

~-&elot and Vieille, Compb. rend., 93,18 (1881). 
WMard and Le Chatelier, ibid., 93,145 (1881). 
8 Berthelot and Vieille, ibid., 94, 101, 149,822 (1882); 95, 151, 199 (1882); Ann. 

chim. phys., 28,289 (1883). 
' Mallard and Le Chatelier, Ann. des Mines, [8] 4, 274, 335 (1883); Compt. rend., 

130,1755 (1900) ; 131,30 (1900). 
H. B. Dixon, Phil. Trans. Roy. Soc., 184A, 97 (1893); 200A, 315 (1903). See 

Bone and Townend, "Flame and Combustion in Gases," 1927, pp. 511-518, for more 
complete Sit of references. 
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speed. The following are among its more important properties. (1) 
When established, the detonation wave propagates with a constant velocity 
which depends upon the chemical and. percentage composition of the 
gas mixture. (2) The speed is independent of the material of which 
the tube is made. (3) The speed is independent of the diameter of the 
tube, if this is larger than a small limiting value. (4) The speed is prac- 
tically independent of the initial pressure and temperature of the gas 
mixture. A three-fold variation in pressure near atmospheric or a variation 
in temperature from 10 to 100' introduces only a slight alteration in speed. 
(5) The speed is independent of conditions in the rear of the wave. I t  is 
immaterial whether inflammation is started a t  the closed or open end of the 
tube and whether ignition is produced by a flame, spark, detonator, shock 
wave or by some other means. 

Therefore, the speed with which a detonation wave propagates is a 
physical constant of the particular gas mixture. I t  should be noted, 
however, that the period of combustion immediately preceding the es- 
tablishment of the detonation wave is markedly influenced by many factors 
such as initial pressure, temperature, condition of the interior surface of the 
tube, diameter of the tube, composition of the mixture or method of 
ignition. 

Theories of the Detonation Wave.-Betthelot and Vieille compared 
the speed of a detonation wave to the mean kinetic velocity of the molecules 
in the burned gases. This can be computed readily from the temperature 
attained in the combustion, but in many instances the speed thus calculated 
differs widely from the experimentally determined velocity of the deto- 
nation wave. 

Dixon identified the speed of the detonation wave in gas mixtures with 
the velocity of propagation of sound a t  the high temperature created by the 
combustion. Although, for some cases, the calculated velocities agree with 
those actually found, for others they differ rather widely. It was soon 
recognized that the "sound-wave theory" was defective and inadeq~ate .~ 

Very recently, Lewislo has developed a theory of the propagation by 
means of reaction chains. The complete reaction consists of a number of 
steps. The product of any one step is shot forward with a velocity corre- 
sponding to the energy of translation acquired by it and i t  then becomes a 
reactant in the next step. A similar active product or "carrier" is con- 
tinually regenerated. The velocity of the "carrier" is shown to increase to 
a constant value, which is identified with the velocity of the detonation 
wave in the appropriate mixture. Consider, for example, a series of 
explosive mixtures of hydrogen and oxygen. I t  is found experimentally 
that the velocity of the detonation wave depends upon the concentrations of 

H. B. Dixon, J .  Ckem. Sac., 97, 665 (1910). 
lo Bernard Lewis, THIS JOURNAL, 52,3120 (1930). 
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hydrogen and oxygen and reaches a maximum value for a certain optimum 
composition, 8H2 + Oa. The final velocity of the "carrier" as computed by 
the chain-reaction theory is compared with the velocity of the detonation 
wave in this mixture of optimum composition. The calculated values 
agree very well with those found experimentally for a considerabIe number 
of different explosive mixtures. Although this picturization of the mo- 
lecular mechanism in reaction chains is a step in advance, i t  is not easy to  
predict quantitatively velocities slower than that corresponding t o  the 
optimum composition mentioned above. This theory is, therefore, not to  
be regarded as complete, but rather as an attempt to visualize the chemical 
reactions occurring in the detonation wave. 

A widely applicable theory was developed independently by Chapmanl1 
and Jouguet.12 This theory is essentially hydrodynamical and furnishes no 
satisfactory explanation of the extreme rapidity with which chemical 
reactions occur in gaseous explosions. It would seem that a fusion of the 
chain reaction and the Chapman-Jouguet theories is necessary for an 
understanding of two striking phenoniena in explosions. These are (1) 
the extreme rapidity of chemical reaction in the wave front, and (2) the 
high speed of the detonation wave. The view is held1°,13 generally that 
explosive reactions occur in a series of chains in which an active product of 
one reaction is continually used and regenerated in succeeding reactions. 
The chain-reaction theory is able to account rather generally for very high 
rates of chemical reaction.'3 Granted a high rate of chemical reaction, 
the Chapman-Jouguet theory is able to predict the velocity of the de- 
tonation wave. In  this fusion of the two theories i t  is only necessary to  
find a "carrier" in a reaction chain that will propagate the chemical re- 
action through an infinitesimal element of volume in a period not greater 
than that required for the detonation wave to sweep across this volume. 
This combination of the two theories will introduce no change in the equa- 
tions developed in the Chapman-Jouguet theory. 

The velocities calculated by Jouguet12 agreed reasonably well with those 
found experimentally. However, his more recent  calculation^^^ using 
specific heat data given by Kast,"in some instances, give velocities in less 
satisfactory agreement with experiment than the earlier calculations. 

In  view of the importance of the problem of the mechanism of deto- 

l1 D. L. Chapman, Phil. Mag., 47,90 (1899). 
E. Jouguet, J. de Mathtmutigue, 1905, 347; 1906, 6; "Mecanique des Ex- 

plosifs," Paris, 1917. 
l3 C. N. Hinshelwood and co-workers, Proc. Roy. Soc. 1928 and 1929; N. 

SemenoR, Z. Physik., 46, 109 (1927); 48,571 (1928); F. Haber, and H. D. von Schwein- 
itz, Sitzb. preuss. Akad. Wiss., 1928, 499; I,. Farkas, P. Goldfinger and F. Haber, 
Naturwiss., 17, 674 (1929); R. Mecke, 2. physik. Chem., 7B, 108 (1930); L. Farkas, 
F. Haber and P. Harteck, Naturwiss., 12,266 (1930). 

l4 E. Jouguet, Compt. rend., 181,546 (1925). 
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nations in gases, i t  has seemed worth while to repeat these calculations using 
the best specific heat data of today and taking into account dissociation of 
the products. Because in this paper we deal solely with the combustion of 
hydrogen and oxygen mixtures, either by themselves or admixed with inert 
gases, the dissociations which occur to an appreciable extent a t  the tempera- 
tures developed and which will be considered are 

2HzO ,- 2Ha + Qs (1) 
2Hd0 Hs + 20H (2) 

Hn --' 2H (3) 

The Chapman-Jouguet Theory.-To facilitate an understanding of 
the method used to calculate the velocity of the detonation wave, i t  seems 
desirable to  give a brief account of the Chapman-Jouguet theory.16 Con- 
sider a plane explosion wave traveling in a tube with velocity V. The 
coordinate axes will be assumed to  move with the wave front, which is 
consequently stationary in this coijrdinate system. AB and CD in Fig. 1 
are two planes immediately ahead of and behind the wave front. Let pl, 

VI, TI, ul and El be the pres- 
sure, specific volume, absolute 
temperature, velocity with re- 
spect to the moving coiirdinate 

PZ, ~ 2 ,  T2, u2. E2 T1* u l l  system, and specific internal 1 energy of the unburned gases, 
1 I respectively; and p 2 ,  VZ, Tz, uz 

t D B  t and Ez the corresponding quan- 
Fig. 1.-Diagram illustrating detonation wave 

front. tities for the burned gases. 
Since i t  is assumed that the un- 

burned gases are a t  rest in a stationary system of coordinates, ul = - V. 
The experimental results indicate that the detonation wave is of permanent 
type. Assuming that this is the case, i t  is immediately possible to write the 
following three equations which state that the mass, momentum and 
energy of the matter contained between the planes AB and CD do not 
change with time 

ul,?ca 
Mass v1 q (1) 

ua" Momentum * + $1 - ;; + 
v1 

(2) 

Energy 

It will be initially assumed also that the chemical reaction proceeds to  
completion and that the composition of the burned gases is consequently 

l6 In view of the equivalence of the relations developed by Chapman and Jouguet. 
it seems preferable to refer to the Chapman-Jouguet theory rather than the Jouguet 
theory, even though Chapman's investigations are less comprehensive, An excellent 
account of this theory is given by R. Becker, Z. Physik, 8,321 (1922). 
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known. This furnishes the value of m, the number of moles per gram to be 
used in the equation of state 

fi% - ~ z R T z  (4) 

These four equations give four relations between the five unknowns, V 
(or -ul), uq, vz, p2 and Tz, and an additional relation is consequently needed 
for their complete determination. Considerations based on mechanics and 
thermodynamics led jouguet to the conclusion that the required relation is 

P n - P t = -  
Ul - v2 (2)& (5) 

The additional relation which was obtained by Chapman from different 
considerations has been shown to be equivalent to this. 

If it is assumed that the internal energy of the burned gases is a function 
of the temperature only, it follows that 

E2 - & = L(Tz - TI)  - Q (6) 

where &, is the mean specific heat of the burned gases between Tz and TI 
and Q is the heat liberated by the reaction at constant volume, per gram of 
the explosive mixture. Also 

where yz is the ratio of the specific heats for the burned gases a t  the temper- 
ature Tz. If 

the equations given can be transformed to the forms 

It will be seen that aquation 11 states that the velocity of the detonation 
wave is p times the velocity of sound in the burned gases. 

For the computation of Vin the case of no dissociation, it is assumed that 
the combination of hydrogen and oxygen to form water vapor proceeds to 
completion. A value for Tz is assumed and 7% for this temperature is 
calculated from the specific heats of the burned gas. These values for T2 

and m, together with the known values of 4, m and TI, are substituted in 
Equation 9, which is solved for p. This value of p is introduced in Equation 
10, which is then solved to give an improved value of T2. The calculations 
are repeated until values of f i  and T2 are found which satisfy both (9) and 
(10). The velocity of the detonation wave can then be found from (11) 
and the pressure, pz, from (12). 
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The velocities for detonation waves were also calculated on the assump- 
tion that the chemical composition of the burned gases corresponds to 
equilibrium at the temperature and pressure attained in the wave front. 
The dissociation of water vapor into hydrogen and oxygen and into hydro- 
gen and hydroxyl, and the dissociation of molecular into atomic hydrogen 
were considered. 

Three additional variables are required to specify the chemical composi- 
tion of the burned gases and three more equations are furnished by the 
conditions of equilibrium. By an extension of the method16 of calculation 
outlined above, values for Tz, p and the three variables which specify the 
composition of the burned gases are found which satisfy Equations 9 and 10 
and the three conditions of equilibrium. These values can then be used to  
determine the velocity from Equation 11. 

Two interpretations of (dp~/dvz)~~  are possible when dissociation is 
considered. In the first, (dp /dv~) ,~  is taken to mean the adiabatic change 
of pressure divided by change of volume for a gas of the invariable chemical 
composition found from the conditions of equilibrium. This interpretation 
leaves unchanged the equations which have been given and is the one which 
has been used for the calculation of velocities. The other interpretation is 
that  ( d ~ Z / b ~ ) , ~  is to be taken on the assumption that the chemical com- 
position of the gas changes during the adiabatic compression, so as to be in 
chemical equilibrium at  all stages of the infinitesimal compression. 

Consideration of the theory indicates that the second assumption is the 
one which should be used. The equations which have been given are valid 
for the first assumption; consequently, a strict interpretation of the theory 
requires that they be suitably modified in order to be in agreement with the 
second interpretation of (bfiz/dvz),d. We have therefore calculated the 
velocity of detonation in a mixture of 2Hz + Oz and in mixtures of 2Hz + 
Oz diluted with six moles of hydrogen or five moles of oxygen, nitrogen, 
helium or argon, in two different ways. In one we have used the equations 
that  are valid for the first interpretation of ( d p ~ / b ~ ) , ~ ,  and in the other, 
the equations that are valid for the second interpretation. In  all these 
cases the differences between the velocities calculated in these two ways are 
less than 0.4%. We have therefore made all the other calculations using 
the first interpretation, because i t  is much simpler mathematically. 

Choice of Data.-Eastman'' has made an exhaustive critical study of 
the existing data on the specific heats of gases a t  high temperatures. The 
experimental data for diatomic gases are on the whole reasonably satis- 
factory up to 3000°K. As the calculated temperatures in the detonation 

lE Lack of space prevents a detailed description of the method used for dealing with 
the three-fold dissociation. It may prove desirable to treat this separately in another 
place. 

'7 E. D. Eastman, Tech. Paper 445, U. S. Bureau of Mines, 1929. 
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wave are often considerably in excess of this temperature a certain amount 
of extrapolation is necessary. The final equations which we have adapted 
for the specific heats of hydrogen, oxygen and nitrogen were formulated on 
the basis that the specific heats at constant volume reach a value of 7 at  
3000°K. and remain constant thereafter. The equations used in this 
investigation are 

up to 3000°K. For higher temperatures the constant value, 7, is em- 
ployed. The specific heats obtained from these formulas are in substantial 
agreement with those given by Eastman's equations. 

The experimental data on the specific heat of water vapor a t  high tem- 
peratures are not in as satisfactory a condition. Eastman has made this 
the subject of a special study and has kindly sent us a copy of his un- 
published manuscript. His new equation follows closely the best experi- 
mental data up to about 2700°K., reaches a maximum for C, of 12.18 at  
2800°K., and then falls off slowly at higher temperatures. There is no 
experimental or theoretical basis for the falling off of specific heats a t  high 
temperatures. Furthermore, Wohl and von Elbelg have made a few new 
determinations which agree with Pier's results on which Eastman's formula 
is based mainly, but their numerical values do not agree with Eastman's, 
due to different considerations in the calculations. There is every indica- 
tion that the specific heat approaches an asymptotic value. We have, 
therefore, adopted Eastman's formula and assumed that the maximum 
value reached a t  2800°K. remains constant at higher temperatures. 
The formula is 

The values for the heat content of water vapor calculated from this equa- 
tion agree to within less than 6% with the values given by Wohl and 
von Elbe for temperature up to 5000°K. 

Equilibrium Constants.--The equilibrium constant for the dissociation 
of water vapor into hydrogen and oxygen was recalculated, using the 
specific heat data given above. The free energy of water vapor has been 
calculated by several methods by Eastman.lY His average value a t  298OK. 
is hF298 = -54,467 Cal. The heat of formation of water is u3291 = 
-57,826 Ca1.20 

Three equations are necessary to cover this temperature range because 
of the form of the specific heat equations. The final equations used are 

l8 K. Wohl and G.  von Elbe, 2. physik. Ckem., SB, 241 (1929). 
lg E. D. Eastman, Information Circular 6125, U. S. Bureau of Mines, 1929. 

"International Critical Tables," Vol. V, 1929, p. 176. The minus sign represents 
the evolution of energy. 
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Valid up to 2800°K. 
57'295 0.848 log T - 1.474 X 10-4T + 7.78 X 10-STa - 8.72 X 1% K H ~ O  = + 4.573~ - 

10-1zTa + 0.0616 
Valid between 2800 and 3000°K. 

141412 + 2.0975 log T - 7.610 X 10-bT - 2.047 X 10-8T4 + 2.473 X log KH~O = - T 
10-'2Ta - 10.4417 

Valid above 3000°K. 

log KHIO = s3 + 0.34492 log T - 4.3285 
T 

The following data have been used to calculate the equilibrium constant 
for the dissociation of molecular into atomic hydrogen; entropy,21 SHt (298) 

= 31.25; SH (298) = 27.4; and A H ~ z g g  = 103,500 ~ a l . ~ ~  
The following equations are obtained from these data 

Valid up to 3000°K. 

+ 1.673 log T - 0.5375 X 10-4T - 1.16 X 10-8Ta + 1.350 X log K H ~  = - 4~ 
1O-lzTa + 0.322 

Valid above 3000°K. 

L """V 

An equation expressing the equilibrium constants for the dissociation of 
water vapor into Hz and OH has been given by Wohl and von Elbela and 
has been adopted here. Fin the following equation is the Einstein function 
for the free energy of an harmonic oscillator. The figures in brackets are 
the values of (h/k)v = @v calculated from the frequency of the absorption 
maxima in the infra-red.23 

4.573T (F(6140) + 2F(5100) - 2(F(2280) + 128'000 + 2.5 log T + - log KOH = - - 4.573T 
2F(5330))] - 0.44 

Wohl and von Elbe's equation has not been modified to conform with the 
specific heats used in this investigation because of the uncertainty in the 
heat of decomposition into OH and Hz. 

It is to be emphasized that the specific heat data used in this investigation 
have not been calculated from the observed velocities of detonation waves, 
as was done by Chapman. If specific heats obtained in this way are used, 
it is to be expected that the calculated and observed velocities will be in 
close agreement. Our data have been derived from the independent 
sources mentioned above. Hence, the close agreement which we have 
found (see below) between the calculated and observed velocities for a 
number of explosive mixtures would seem to substantiate both the Chap- 
man- Jouguet theory and the specific heat data used. 

" These are unpublished values of Oiauque, and were given to us through Dr. 
Eastman. 

22 F. R. Bichowsky and I,. C. Copeland, THIS JOURNAL, 50,1315 (1928). 
93 Landolt-Bdrnstein, fifth edition, first supplementary volume, pp. 702-701. 
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Results of the Calculation.--Tables I, I1 and I11 show a comparison 
between the calculated and experimental values. The first column con- 

CALCULAT~D AND EXPERIMENTAL VRLOCITIES OP DETONATXON WAVE IN HYDROGEN AND 
OXYGBN D~LUTED WITH NITROGEN 

Calculated velocity 
Without wth three- Experimental 

Exptosive dissocn., fold dissocn., velocity, 
mixture m./sec. m./sec. m./sec. Devistion, % 

2% + 0 s  3278 2306 2819 -0.43 + 1Ne 2712 2378 2407 - 1.2  
+ 3N2 2194 2033 2055 -1.07 
+ 5Ns 1927 1850 1822 +1.15 

TABLE I1 
CALCULATED AND EXPEBIMENTAL VRLOCITIES OF DRTONA~ON WAVE IN HYDROG~N AND 

OXYGEN DILUTED WITH OXYGEN 
Calculated velocity 

Without With three- Experimental 
Explosive dissocn., fold dissocu.. velocity. 
m~xture m./sec. m./sec. m./sec. Deviation, % 

tains the explosive mixture obtained by adding the indicated number of 
moles of gas to a stoichiometric mixture of hydrogen and oxygen-namely, 

0 1 2 3 4 5 
M o l e s  of nitrogen, 

Fig. %.-Calculated velocities of detonation wave with excess 
nitrogen. 



3914 BERNARD LEWIS AND JAMES E. FRIAUF Vol. 52 

2Hz + 02. The second column contains the calculated velocity assuming 
that  no dissociation occurs in the detonation wave. The third column 
contains the calculated velocity assuming three-fold dissociation as given 
above. The fourth column gives the experimental velocity determined by 
Dixon and others.24 The fifth column gives the percentage deviation of the 
values in the third column from the experimental values. 

Figures 2 and 3 show the data graphically. The circles represent the 
experimental points. I t  is seen that the agreement with the theory is 
exceptionally good. 

3400 

a g 3000 
8 
V) 

8 
a 

2600 
Y 

E! 
d ." 
5 2200 s 

1800 

0 1 2 3 4 5 
Moles, excess oxygen. 

Fig. 3.-Calculated velocities of detonation wave with excess oxygen. 

The velocities for the mixtures 2H2 + OZ and 2Ha + 602 yere also calcu- 
lated by assuming that equilibrium is attained for the reaction 2Hz + OZ 
A 2H20 and neglecting the other two dissociations previously considered. 
The values calculated in this way are 3023 and 1793 meters per second, 
which are in much less satisfactory agreement than the values obtained by 
considering all three dissociations. These results indicate that it is im- 
portant to consider dissociation in explosion phenomena. If the specific 
heat and free energy data are correct, the close agreement between the 
calculated and observed velocities would appear to justify the conclusion 
that  the explosion occurs as i f  equilibrium were reached for the three dissoci- 
ations we have used. 

Table I11 and Fig. 4 show the results with excess hydrogen. 
The agreement in the case of a large excess of hydrogen is not quite as 

2 4  See Bone and Townend, "Flame and Combustion in Gases," 1927, pp. 511-518. 
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TABLE 1x1 
CALCULATSD AND EXP~SRIMRNTAL VELOCZTIBS OP DETONATJ~N W A ~  IN HYDROOIEN 

AND OXYGEN DILUTED &-ma HYDROGSN 
Calculated velocity 

Wikhout Wlth three- Experimental 
Explosive dis5ocn.. fold dissocn.. velocity, 

rn~xture m./sec. m./sec. m /sec. Deviation, % 
2Hz + 0 2  3278 2806 2819 -0.43 

f ZHz 3650 3354 3273 +2.48 + 4He 3769 3627 3527 +2.83 
i- 6Hz 3802 3749 3532 4-6.15 

good. There are several possible reasons for this discrepancy. The 
experimental values for the mixtures with a large amount of excess hydro- 
gen may be somewhat low. On the other hand, dissociation is almost 
negligible for these mixtures if equilibrium is assumed. It is quite possible 
that complete combustion is not realized in the wave front a t  .these high 

0 1 2 3 4 5 6 
Moles, excess hydrogen. 

Fig. 4.-Calculated velocities of detonation wave with excess 
hydrogen. 

speeds. If this is the case, the calculated values would be lower and more 
nearly in agreement with the observed. The incompleteness of the re- 
action may easily be enough to account for the difference. That  there is 
incomplete reaction in the wave front is borne out by some direct photo- 
graphs we have taken of the explosion with excess hydrogen. The photo- 
graphs indicate a fair amount of combustion occurring behind the wave 
front, although not nearly as much as in an explosion of a 2H2 + 10% 
mixture where the equilibrium falls far short of complete reaction. 

The Effect of Helium and Argon.-The addition of helium and argon 
to  the explosive mixture furnishes another means of checking the correct- 
ness of the Chapman-Jouguet theory. The theory indicates that the 
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velocity of the detonation wave is proportional to the density of the gas 
mixture after combustion and to the absolute temperature reached in the 
wave front. If the inert gas helium be added to a mixture of 2H2 and 1 0 2 ,  

the velocity should increase as a result of the decreased density. On the 
other hand, argon, because of its greater density, should be expected to 
effect a decrease in the velocity. We have here the ordinarily unexpected 
result that two inert monatomic gases differing in atomic weight but 
identical in every chemical respect affect the velocity of the explosion in 
opposite directions. For the same quantities of added inert gas, the degree 
of dissociation and the heat capacities, and consequently Ta, yz and p, are 
the same. The calculated velocities for mixtures with an equal number of 
moles of helium and argon are therefore inversely proportional to the square 
root of the density of the burned g a s .  

To  test the theory it is highly desirable to eliminate all variable factors 
except one. By adding helium or argon, or mixtures of helium and argon, 
to the explosive mixture it is possible to keep all factors constant with the 
exception of the density and to determine whether the dependence of 
velocity upon density is, or is not, of the form predicted by the theory. 

No experimental values for the velocities of the detonation wave in 
mixtures of hydrogen and oxygen diluted with helium and argon were found 
in the literature. For this reason we have undertaken to determine their 
velocities. 

Experimental Method 
The velocities for mixtures diluted with helium and argon were obtained 

from direct and Schlieren  photograph^^^ taken on films attached to a drum 

/ 
moving with a peripheral speed 
of about 60 meters a second. 

- -  Figure 5 is a sketch of the ar- ----..--* 3- --0 ..------------- a Wave) / front 
rangement graphs. The for the explosion direct photo- tube 

Fig. 5.-Apparatus for obtaining direct photo- 
graphs of detonation waves. consisted of a thick-walled lead 

tube with an inside diameter of 
19 mm. and of suflicient length to insure setting up the detonation wave of 
constant velocity. This was joined to a heavy pyrex glass tube of the same 
bore for the direct photographs and to a steel tube with a slit covered by a 
cellophane window for the Schlieren photographs. Both ends were closed by 
rubber stoppers which subsequently were blown out by the force of the 
explosion. An explosion traveling with constant velocity produces an 
inclined straight line on the film. The velocity of the detonation wave can 
be readily computed from the slope of this line, the speed of the drum and 
the constants of the optical arrangement. 

Topler, W i d .  Ann.* 131,33 (1867). 
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The gases were taken from cylinders aad mixed over water. The hy- 
drogen and oxygen were of a high degree of purity, while the helium and 
argon contained (by analysis) 2.95 and 4.65% nitfogen, respectively, 
and no combustible gases, carbon dioxide or oxygen. 

Figure 6 is a reproduction 
of a typical direct photograph. 
The dark vertical lines are due 
to strips of opaque paper placed 
at certain distances on the ex- 
plosion tube. The upper in- 
clined straight line represents 
the movement of the wave front. 
The lower straight line sloping 
in the opposite direction repre- 
sents the wave reflected from the 
end of the tube. This travels 
with a reduced velocity in the 
partly burned medium. The 
photograph is an interesting one, 
for it can be used to give an 
estimate of the velocity of the 
gases in the rear of the wave. 
This velocity is obtained from 
the slope of the striations close 
to the upper straight line. Al- 
though the slope of the stria- 
tions cannot be measured ac- 
curately because of its rapid 
rate of change, the value found 
for the velocity of the burned 
gases agrees reasonably well 
with the value calculated from 
the Chapman- Jouguet theory. 

Fig. 6.-Photograph of explosion. 

The theoretical value for the velocity of the burned gases in a fixed coordi- 
nate system is 

D =  v - u i = ~ A v  

The passage of the reflected detonation wave causes more intense com- 
bustion in the burning gases. The directions of the wave and the burned 
gases are completely reversed. It will be observed that near the point 
where the reflection occurs, the velocity of the gases emitted from the 
reflected wave are nearly zero, due to the balancing effect of velocity of the 
gases from the original wave traveling in the opposite direction; but as the 
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reflected wave meets gases with smaller and smaller velocities, the velocity 
of the gases emitted from it increases, as is clearly shown in the photograph. 
Here again the velocity of the gases falls off with time. 

The Schlieren method depends upon the refraction of a beam of light as it 
passes through a medium of different density. The alteration of the den- 
sity in the wave front is sufficient to  change the direction of the beam from 
an  arc lamp, causing it to enter the camera instead of impinging on a 
diaphragm. Schlieren photography has been used by W. Payman and his 
associatesz6 in explosion experiments and will not be described in detail 
liere. A steel tube was used, a narrow slit being cut a t  one end for a 
length of about 33 cm. to permit passage of the beam of light. The slit was 
covered with a cellophane window which was strong enough to remain 
intact until the detonation wave had passed. 

The velocity of the detonation wave is determined from the slope of the 
inciined straight line in Fig. 6. The slopes obtained with the apparatus 
forznd readily available were not great enough, especially for the fast mix- 
twes, to  permit of any great precision in the determination of the velocity. 
The values obtained for a stoichiometric mixture of hydrogen and oxygen 
and also for mixtures containing excess oxygen and excess hydrogen are 
somewhat lower than tbose &en in the literature. For this reason the re- 
sults about ta be given are to be considered preliminary in character and 
too great weight should not be attached to the lack of agreement between 
the caIm1ated atld observed velocities for mixtures diluted with helium and 
argon. With certain changes in technique that are contemplated, better 
experimental values can be obtained. 

The experimental results in Table IV are an average of the velocities 
determined by both methods. They are compared with the calculated 
velocities with and without dissociation. 

TASLEC IV 
CALCULA~D AND BXPERI~NTAI, VBMSCITISS OP DETONATION WAVE IN HYDROGEN AND 

OXYGEN  DILUTE^ WITH HELIUM AND ARGON 

Calculated velocity 
Without With three- Experimental 

Explosive dissocn., fold dissocn., velocity, 
mixture m./sec. m /see. m./sec. Devhtion. % 

2H2 + 01 + 1.5 He 3772 3200 3010 +6.2  
+ 3 He 3990 3432 3130 +9 65 
+ 5He 4083 3613 3160 +14.45 + (2.82 He + 1.18 A) 3012 2620 2390 +9.62 
+ (1.5 He + 1.5 A) 274 1 2356 2330 +1.12 
+ 1.5 A 2500 2117 1950 +8.45 
+ 3 A  2212 1907 1800 +6.12 
+ 5 A  1992 1762 1700 +3.95 

Payman and Robinson, Safety in Mines Research Board Paper No. 18; Payman 
and Shepherd, ibid., Paper No. 29. Payman, Proc. Roy. Soc. (London), 120A, 90 (1928). 
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It is observed that the predictions of the theory are verified qualitatively. 
In view of the preliminary nature of the experimental results this is perhaps 
all that could be expected. It is interesting to note, however, that the 
differences are in such a direction as to be accounted for by failure to  attain 
equilibrium in the wave front. As more inert gas is added the dissociation 
is repressed owing to the lower temperature in the explosion. This effect 
is not as marked as it is with excess hydrogen, but it is possible that the 
presence of a large amount of inert gas prevents the attainment of equi- 
librium in the wave front, especially for those mixtures that possess a high 
velocity. 

Acknowledgment.-The writers wish to acknowledge with pleasure 
their appreciation to W. C. F. Shepherd, investigator from the Safety in 
Mines Research Board, Great Britain, for his aid in taking these photo- 
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Summary 

1. Velocities for the detonation wave in explosive mixtures of hydrogen 
and oxygen diluted with several gases have been calculated on the basis of 
the Chapman-Jouguet theory. Velocities have been computed for each of 
the two following assumptions: (a) the composition of the burned gases 
corresponds to complete combustion; (b) the composition of the burned 
gases corresponds to chemical equilibrium for the dissociation of water 
vapor into hydrogen and oxygen, and into hydrogen and hydroxyl, and for 
the dissociation of molecular into atomic hydrogen. 

2. The calculated values for mixtures diluted with nitrogen and oxygen 
agree exceptionally well with the experimental values when dissociation is 
considered. 

3. The calculated values for mixtures diluted with hydrogen are in good 
agreement for amounts of excess hydrogen up to four moles, but about 6% 
high for 6 moles of excess hydrogen. Possible reasons for the difference 
are suggested. 

4. These results indicate the importance of dissociation phenomena 
in explosions. 

5. The satisfactory agreement for these mixtures suggests further tests 
of the Chapman-Jouguet theory for mixtures diluted with helium and 
argon. 

6. Direct and Schlieren photographs have been taken for mixtures 
containing various amounts of these inert gases, and the velocity of the 
detonation wave has been determined from them. 
7. There is less satisfactory agreement with the theory than for the 

other mixtures. Although the predictions of the theory are verified quali- 
tatively, the average difference between observed and calculated velocities 
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is about 8%. At least a part of this diierence may be due to experimental 
error. 

8. Further work is contemplated to obtain better experimental results. 
PITTSBURGH, PENNSYLVANIA 
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Of late the photochemical decomposition of nitrogen dioxide into nitric 
oxide and oxygen has been the object of several  investigation^.^ That the 
absorption spectrum of nitrogen dioxide in the visible and near ultraviolet 
regions of the spectrum is discrete is well knowms Recently, Mecke4 and 
Henri5 have noted that predissociation occurs in this gas, the bands first 
becoming diiuse between 3800 and 3700 A. The light absorption process 
in this region corresponds to the beginning of formation of an excited mole- 
cule followed by immediate dissociation into nitric oxide and oxygen. 
Fluorescence is to  be expected in nitrogen dioxide at sufficiently low pres- 
sures when one illuminates with wave lengths above the limit of predis- 
sociation. Indeed, due to the ineffectiveness of blue light, 4358 W., in 
causing photodecomposition, Norrish was led to conclude that all of this 
light must be reradiated. Norrish6 succeeded in obtaining the expected 
fluorescence which appears as a faint yellowish luminescence when nitrogen 
dioxide is illuminated with the 4358 and 4047 A. lines of the mercury arc. 
The spectra emitted are identical under excitation by either 14358 or 4047, 
consisting of two wide maxima at 6400 and 5900 A*, except that the in- 
tensity of the 5900 band is relatively more intense with the shorter wave 
length. With A3660 there is only an extremely feeble fluorescence, also in 
this same region. The almost complete absence of fluorescence by this 
light is indeed in keeping with the idea that immediately after light ab- 
sorption, dissociation of the excited molecule takes place. 

The object of the present investigation is the study of the intensity of the 
fluorescence as a function of the pressure both of nitrogen dioxide itself and 
of added gases. Such measurements afford quantitative data concerning 
the efficiencies of deactivating collisions, quantities of considerable im- 
portance in chemical kinetics. 

1 National Research Fellow in Chemistry. 
Norrish, J. Chem. SOC., 761 (1927); Dickinson and Baxter, THIS JOURNAL, 50, 

774 (1928) ; Norrish, J. Chem. Soc., 1158, 1604, 1611 (1929). 
a Harris. Proc. Nat. Acad. Sci., 14, 690 (1928). 
* Mecke, Naturwissenschaftelz, 17, 996 (1929); Z. physik. Chem., 7B, 108 (1930). 
6 Henri, Nature, 125, 202 (1930). ' 
6 Nomsh, J. Chem. Sac., 1611 (1929). 
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Experimental Arrangement 
The fluorescence vessel was a pyrex tube, 4 cm. in diameter, with a fused-on plane 

end window and a side tube for applying liquid air. Connection was made through a 
stopcock to a reservoir of known volume (213.1 cc.) which led through a second cock to a 
liquid-air trap and a device for magnetically breaking small bulbs filled with nitrogen di- 
oxide a t  a known pressure, and finally through another stopcock to a liquid-air trap and 
mercury diffusion pump. The method of introducing nitrogen dioxide was essentially 
that used previously.' The volume of the fluorescence vessel was 109.3 cc. Thus, 
once the fluorescence vessel had been filled with a known amount of nitrogen dioxide, 
the pressure could be reduced in definite steps by expansion into the evacuated reservoir. 
In  this manner a complete set of runs could be made on a single sample of gas over the 
desired pressure range. Other gases (Hz, Nz, 02, COZ) were added from a bulb containing 
them through a stopcock buret. These gases were taken directly from tanks and 
purified by drying over phosphorus pentoxide. 

The light source was a mercury arc run a t  atmospheric pressure. After the light 
had passed through suitable filters, it was collimated by lenses and diaphragms before 
entering the window of the fluorescence vessel. In order to observe the rather feeble 
fluorescence it was necessary to enclose the arc and completely darken the room 

The intensity of the fluorescence was determined by a method of visual photometry. 
A beam of light from a small filament passed through two Nicol prisms, one of which 
could be rotated, and struck a small piece of cardboard placed between the eye of the 
observer and the path of the irradiating light as outlined by the fluorescence. The 
point in the beam a t  which the comparison of intensities was made was 3 cm. from the 
window the light entered. A yellow filter cut out the small amount of scattered blue 
and violet light. With this simple photometer it was found possible to obtain quite 
reproducible matches; an average of at  least five settings was taken as  representing a 
fairly accurate measure of the intensity of the fluorescence. 

Fluorescence in Pure Nitrogen Dioxide.-When nitrogen dioxide is 
illuminated with A4358 or 4047 A., the incident beam is clearly outlined 
when viewed at right angles. The fluorescent light appears nearly white or 
slightly yellowish. No fluorescence was observable when illumination was 
made with X3660. 

In Table I are given the experimental results on the relative intensities 
of the fluorescence in pure nitrogen dioxide for the pressures investigated. 
Illumination was made with the X4358 and 4047 lines of the mercury arc, 
used together to secure sufficient intensity. In the first two columns are 
given the pressures of nitrogen dioxide and nitrogen tetroxide, in the third 
the observed intensity. The fourth column gives the fractional transmis- 
sion of light through the 3-cm. layer of nitrogen dioxide up to the point of 
observation. This was calculated for each of the pressures from Beer's law, 
I = ~~e-"'*, with a = 0.0192 per cm. per mm. pressure of nitrogen dioxide. 
The absorption coefficients of nitrogen dioxide for X4358 and for X4047 were 
obtained incidental to some photochemical experiments and are the same 
within a few per cent. With the aid of a spectral photometer, Beer's law 
was found to hold between 4.5 and 0.3 mm. pressure and shodd presum- 

Dickinson and Baxter, TRIS JOURNAL, 50,774 (1928). 
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ably hold down to the lowest pressures used here. For small absorption, 
Beer's law reduces to the form that the absorption is proportional to the 
pressure. Therefore, the observed intensities, divided by the transmission 
and by the pressure of nitrogen dioxide, give the relative intensities of the 
fluorescence for the same quantity of light absorbed. 

TABLE I 
INTENSITY OF FLUORESCENCE IN NITROGEN DIOXIDE 

Illumination by 4358 and 4047 A. lines of mercury arc 

PNPo4, Observed Trans- 
l o  I = I? 

f i ~ 0 2 ~  
mm. mm. intensity mission zmrreeted PNOX 5 0 ~ ~ 0 1  f 1 

13.9 2.92 0.0625 0.449 0.139 0.0100 0.0119 
5.71 0.49 .I260 .720 .I75 .0307 .0289 
2.13 .07 .I468 .884 .I66 .0780 .0772 
0.753 .009 .I600 .958 .I67 .222 .215 

.259 .001 .I600 .985 ,162 .626 .595 

.0883 . . .I282 .995 .I29 1.44 1.53 

.0299 . . .0974 .998 .0976 3.26 3.32 

.0102 . . .0586 .999 .0586 5.75 5.50 

.00345 . . .0208 1 .OOO .0208 6.03 7.07 

.00117 . . .0102 1.000 ,0102 8.72 7.85 

Run 2 

18.3 4.01 0.0499 0.349 0.143 0.0078 0.0064 
7.57 0.68 .0790 .647 .I22 .0161 .0156 
2.84 .10 .I018 .849 .I20 .0422 .0412 
1 .OO .O1 .lo23 .944 .I08 .lo8 .I16 

.345 .001 .I190 .980 .I22 .354 ,323 
-118 . . .I018 .993 .I03 .873 .855 
.0400 . . .Om6 .998 .0808 2.02 1.97 
.0136 . . .0466 .999 .0466 3.43 3.51 
.00460 . . .0243 1 .OOO .0243 5.29 4.80 
.00156 . . .0074 1 .OOO .0074 4.74 5.48 

The excited molecule of nitrogen dioxide produced by light absorption 
may either fluoresce by dropping back to lower energy levels or, on collision 
with other molecules, enter into chemical reaction or lose its excitation 
energy in other ways such as degradation to heat motion. These considera- 
tions lead to the expression8 

I. is the intensity of the fluorescence at  zero pressure, I ,  the intensity a t  the 
pressure pNoa and T the natural life of the excited molecule before dropping 
back to a lower level. The mean time between collisions, t ,  is inversely 
proportional to the pressure and from kinetic theory has the value 

Stern and Volmer, Physik. Z., 20, 183 (1919). 
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t = 1 
(2) 

At 25O this reduces to the numerical form 

t = 
3.90 X 10-53 (Mb,-My2)1z (3) 

with the pressure, p, in mm. of mercury. Any efficiency factor may be 
included in a18, the distance between nuclei for a quenching collision. The 
constant a in Equation 1 is an abbreviation 

A plot of 1/I  against the pressure gives a straight line with the slope a / I  
and intercepts 1/10. Run 1 when treated in this manner gives a = 50 
mm.-'. Run 2 similarly results in a = 47. These results were checked in 
the following manner. Values of I. were calculated from Equation 1 for 
each observed point with assumed values of the constant a. With the 
correct a the set of values of 10 so obtained should be constant over the 
whole range. In this manner a was found to be equal to 50 mm.-I for Run 
1 and between 45 and 50 mm.-" for Run 2. One run with illumination by 
A4047 alone leads to a = 40. This latter value is necessarily approximate, 
due to the difficulties attending the measurement of the feeble intensity of 
fluoresced light in this case. In the sixth column of Table I are given the 
values of I calculated from the expression 

I 1 
= ~ O P N O Z  + 1 

with I. = 8.3 in Run 1 and 5.9 in Run 2. Inspection of the last two 
columns of the table shows that the functional relationship between the 
pressure of nitrogen dioxide and the intensity of fluorescence given by 
Equation 1 holds quantitatively over a pressure range of 12,000-fold with a 
corresponding variation in the intensity of 850-fold. Such agreement is 
confirmation of the general idea that the light first produces an excited 
molecule which may then fluoresce or be damped by collision. 

It is evident that at a pressure of nitrogen dioxide of 0.02 mm. the 
fluorescence is half damped. From the experimental result a = 50 = 5.35 
X 1021u~22~ it follows that ala2r = 9.3 X sec. If we assume T is 
lo-' sec., ulz must be 30 X 104 em. or about ten times ordinary kinetic 
theory diameters. On the other hand, if u12 is taken equal to  3 X 
cm., T must be as long as second. The lives of excited atoms, in- 
vestigated by Wiens and Kerschbaum,1° are all of the order of magnitude of 
lo-? or 10-8 seconds. I t  is natural to suppose that the lives of optically 

Wien, Ann. Physik, 83, 1 (1927). 
Kerschbaum, ibid., 83, 287 (1927). 
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excited molecules should be of the same order of magnitude. On the other 
hand, i t  is quite common for large diameters to appear in collisions of the 
second kind. For example, the measurements of Stuart" on the quenching 
of the resonance fluorescence of mercury by hydrogen and carbon monoxide 
lead to diameters of the excited mercury atom several times that of the 
normal atom. Also Mannkoff12 finds similar dimensions in the case of 
damping of fluorescence in sodium vapor by nitrogen and hydrogen. 
Kallmann and LondonL3 have treated on a quantum mechanical basis the 
problem of abnormally large effective diameters and succeeded in giving a 
reasonable explanation of their repeated appearance in terms, among other 
things, of the closeness of resonance between the two systems. Thus, de- 
polarization by sodium vapor of the fluorescence of the D-lines of sodium14 
may occur at distances many thousand-fold ordinary kinetic theory values. 
Hence we may conclude that the apparently large diameters found here in 
the quenching of the nitrogen dioxide fluorescence by nitrogen dioxide itself 
are reasonable and that there is no necessity for assigning an exceptionally 
long life second) to the optically excited nitrogen dioxide molecule. 

Quenching of Fluorescence by Foreign Gases.-The addition of 
oxygen, hydrogen, nitrogen or carbon dioxide to tbe nitrogen dioxide pro- 
duces a noticeable decrease in the intensity of the fluorescence. Figure 1 
illustrates the quenching of the nitrogen dioxide fluorescence in the presence 
of oxygen. Such an effect is to be expected since in this case more collisions 
of the second kind should occur. In place of Equation 1 we have 

Ei 

When there is only one added gas this becomes, using the experimental 
result of the preceding section 

Calling JO the observed intensity in pure nitrogen dioxide at  the pressure 
hot, and J the intensity after the addition of the pressure, p, of foreign 
gas we obtain the ratio 

where c = a/(50pNol + l), a constant for any particular pressure of 
nitrogen dioxide. 

Table I1 contains the experimental results on the quenching of the 
fluorescence by various gases. The observations are given in full for the 

11 Stuart, 2. Phystk, 32, 262 (1925); Gaviola, Phys. Rev., 33, 309 (1929). 
12 Mannkoff, 2. Physik, 36, 315 (1926). 
'a Kallmann and London, 2. physik. Chem., SB, 207 (1929). 
" Datta, 2. Physik, 37,625 (1926); Hanle;ibid., 41, 164 (1927). 
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case of nitrogen; the other gases give similar results. The values of c are 
indeed constant within the experimental error throughout any single run. 
Moreover, the values of a calculated from each run are in good accord 
among themselves, as seen from the last column of Table 11, thus establish- 
ing the general validity of Equation 6, which relates the intensity of fluores- 
cence to the pressure of both nitrogen dioxide itself and the foreign gas. 
The effect of nitrogen tetroxicle has been neglected. In the preceding 
section this factor comes into question only at the highest pressures, 

Pressure of oxygen in millimeters. 
Fig. 1.-Quenching of fluorescence by oxygen. Solid curve 

J 

= 16.5 ' I, PNO,, 0.436 mm.; 11, 

~OPNO, + 1 
Po, + 1 

PNO,, 1.256 mm. 

where the observations may already be in error in the correction for light 
transmission. Since, however, carbon dioxide is practically as efficient in 
quenching as nitrogen dioxide, we might assume that nitrogen tetroxide has 
also the same efficiency. The pressure PNol should then be replaced by 
PNo, + This would lead to a somewhat better check among the 
various values of a. 

It is to be noticed that the pressure of added gas which damps the 
fluorescence to one-half is not an immediate measure of the life of excited 
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PNOZ. 
Added gas mm. 

Nitrogen 0.587 

Hydrogen 0.378 
1.085 

Oxygen 0.436 
1.256 

Carbon dioxide 0.857 
.940 

2.18 

PNZO~.  
mm. 

0.005 

Padded gas, 
mm. 

2.62 
5.21 

J /  Jo C, mm. -1 

0.384 0.61 
.I91 .81 

Average 0.71 
0.566 0.29 

.465 .22 

.388 .20 

.334 .20 

.257 .23 
,193 .27 

Average 0.237 
0.211 1.43 

0 .44  
Average 

0 .75  
0.25 

Average 
1.15 
0.98 

.35 
Average 

nitrogen dioxide and the deactivating diameter, since the ratio of observed 
intensities is a function also of the pressure of nitrogen dioxide. Rather 
the value of a is such a measure; its reciprocal gives the pressure a t  which 
the fluorescence would be half damped if there were no quenching by ni- 
trogen dioxide itself. Table I11 contains a summary of the experimental 
results. The product, a&%, was calculated from a by means of Equation 4. 
Column 5 contains the relative efficiencies of the various added gases in 
quenching fluorescence, nitrogen dioxide arbitrarily being set equal to 
unity. The last column gives the value al?, the effective deactivational 
diameter, assuming a mean life of the excited nitrogen dioxide molecule of 
10-7 second. 

The specific nature of collisions of the second kind is shown by Table 111. 
Carbon dioxide is practically as effective as nitrogen dioxide in quenching, 
while nitrogen, oxygen and hydrogen are only one-quarter or one-fifth as 
effective in this respect. The molecular complexity of the triatomic 
molecules, COa and NO*, implies a greater number of higher energy levels 
than is possessed by the simpler diatomic molecules. It is known that 
collisions of the second kind are more effective for those cases in which a 
small amount only of the excitation energy is to be transformed into kinetic 
energy. It is therefore not surprising that carbon dioxide and nitrogen 
dioxide are indeed the more efficient in damping fluorescence. 
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TABLE 1x1 
ERZICIEHCY OR QUENCHING GOLLISIONS 

Ol, X loB 
Quenching rnz% X 1021 Relative (r = 10-r see.), 

gas a,  mm. -I fil/s, mm. cm.bec,  efficiencJl cm. 

NOz 50 0.020 9 . 3  1 31 
coz 44 .023 8.2 0.87 29 
Nil 2 1 .048 2.7 .29 16 
0, 16.5 .061 2.2 .24 15 
Hz 26 .038 1.4 .15 12 

Summary 
The intensity of fluorescence excited in nitrogen dioxide by the 4358 and 

4047 A. lines of the mercury arc has been determined for the pressure range 
0.001 to 18 mm. Nitrogen dioxide is very efficient as a quenching agent; 
the fluorescence is half damped a t  a pressure of 0.02 rnm. The product of 
the square of the effective diameter for collision and the life of the excited 
molecule C T ~ ~ ~ T  is 9.3 X cm.%c. This result indicates a deactiva- 
tional diameter approximately ten times greater than kinetic theory values. 

It is shown that the quenching of this fluorescence by foreign gases is in 
quantitative agreement with Equation 7, which is based on the occurrence 
of deactivating collisions with these gases as well as with nitrogen dioxide 
itself. There is specificity in quenching by added gases; the relative de- 
activational efficiencies of carbon dioxide, nitrogen, oxygen and hydrogen re- 
ferred to nitrogen dioxide as unity are, respectively, 0.87,0.29,0.24 and 0.15. 

BERKELEY, CALIFORNIA 
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STUDIES ON THE THERMOCHEMISTRY OF THE COMPOUNDS 
OCCTJRRING IN THE SYSTEM Ca0-A1,03-Si02. IV. THE I-LEAT 

OF SOLUTION OF TRICALCIUM ALUMINATE AND ITS 
HYDRATES IN HYDROCHLORIC ACID1 

BY T. THORVALDSON, WELDON G. BROWN AND C. R. PEAKER 

RECEIVED JULY 8. 1930 PUBLISHED OCTOBI~R 6, 1930 

The heats of solution of the compounds occurring in the system CaO- 
AlzOa-SiOz and of their hydration products are of interest not only for the 
purpose of calculating the heat of formation of these compounds but also in 
connection with problems relating to the constitution of hydraulic cements 
and elucidation of the reactions which take place during their hydration. 
This applies especially to the aluminates and the silicates of calcium which 
are rich in lime. The paucity of such data is probably mainly due t o  the 
difficulty of preparing sufficient quantities of these substances in a pure 

1 The authors wish to acknowledge generous financial assistance from the National 
Research Council of Canada. 
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state. The present paper describes the determination of the heats of 
solution of tricalcium aluminate and its hydrates in HC1.20H20 and 
HC1.200Hs;O. 

Apparatus and Experimental Procedure.-The calorimeter, which was 
of the Richards adiabatic type with a slight modification, the Beckmann 
thermometers used, the method of introducing the sample into the calorim- 
eter aad the limits of adiabatic control have been described el~ewhere.~ 

The general procedure used was to determine the heat of solution of the 
aluminate in HCl.20Hz0. The heat of dilution of HC1.20HzO and of the 
resulting solution of aluminate, when diluted to a concentration corre- 
sponding to HC1.200H20, was determined by the method of Richards, 
Rowe and Burges~,~ and the heat of solution of the aluminate in HC1.- . 
200H20 then calculated according to the usual method.8 

Preparation of Materials 
Calcium Carbonate and Alumina.-The method of purification of the calcium 

carbonate was similar to that already desc~ibed.~" The aluminum hydroxide was puri- 
fied by precipitation from a boiling 2% solution of ammonia alum which was free from 
iron, using redistilled ammonia water; the precipitate was washed thoroughly by de- 
cantation, filtered off, washed, redissolved in pure hydrochloric acid, the solution diluted 
to the original volume and the precipitation as aluminum hydroxide repeated. After 
thorough washing, the aluminum hydroxide was dried in a covered platinum dish and 
ground to pass a 200-mesh sieve. The material had an ignition loss of about 30%. 

Tricalcium Aluminate. Sample 1.-Calcium carbonate and aluminum hydroxide, 
prepared as described above, were mixed wet in the proportions 3CaO:AhOo. The 
water was then evaporated with constant stimng of the mixture to prevent segregation. 
When dry. the material was transferred to platinum crucibles, placed in a platinum- 
wound resistance furnace, the temperature gradually raised to 1300" and kept there for 
several hours. The sintered mass was then broken up, ground in an agate mortar to 
pass a 200-mesh sieve, and the heating repeated, the temperature being raised to about 
1370'. Microscopic examination showed that even after several heat treatments a t  
1370" the material contained small amounts of free lime and 5Ca0.3AlsOa. It was 
found that treating the finely powdered material with water aided combination mate- 
rially during the subsequent heat treatment due probably to dispersion of the free lime 
by hydration. The treatment, however, seemed to cause tiny voids to be formed in the 
crystals of tricalcium aluminate and this made exact microscopic examination more 
difficult. These voids were eliminated by subsequent heat treatments. The material 
was repeatedly ground and reheated until White's test* indicated absence of free lime. 
and careful examination by the petrographical microscope showed that the sample was 
homogeneous and free from particles of lime and 5Ca0-3AbOJ. It was composed of 
isotropic crystals, with a refractive index of 1.710 * 0.002. 

Sample 3.Sample 3 was prepared in the same way as Sample 1. This sample, 
however, contained a small amount of 5Ca0.3Al~O1 but no free lime. Table I gives the 
analysis of the two samples. 

(a) Thorvaldson, Brown and Peaker, THIS JOURNAL, 51,2678 (1929) ; (b) Thor- 
valdson and Brown, ibid., 52,80 (1930). 

a Richards, Rowe and Burgess, ibid., 32, 1176 (1910). 
White, J.  I n d .  Eng. Chem., 1, 5 (1909). 
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TABLE I 
ANALYSES OR TRICALCIUX ALF~BIINATE" 

Sample 1 Sample 3 Calcd. 

Calcium oxide (CaO) 62.31 61.98 62.27 
Alumina (A120,) 37.76 37.98 37.73 

Ferric oxide, alumina and silica were absent from both samples. 
" Analyses by David Wolochow. 

HC1-2080.-C. P. acid was redistilled through a partly refluxing quartz condenser, 
the middle portion of the distillate collected in silica flasks and adjusted to HC1.20Hz0, 
the concentration being determined both by titration with pure sodium carbonate and 
by gravimetric determination of chloride. 

The Specific Heat of HC1.20E20 
Recent determinations of the specific heat of hydrochloric acid of various 

conccntrations by Richards, Mair and Hall5 have given values which differ 
somewhat from the previously accepted ones. Unfortunately the specific 
heat of HC1.20H20 was not included among those redetermined. It was 
therefore decided to determine the specific heat of HC1-20H20 over both 
the temperature intervals 16 to 20 and 18 to 20'. The acid used in this 
determination was purified with special care and gave the composition 
HC1.20.01Hz0 by titration with sodium carbonate and HC1.20.02H20 by 
gravimetric analyses of chloride. 

The method used for the determination of specific heat was that of 
Richards and K o ~ e . ~  The calorimeter can was of pure gold, while contain- 
ers for the sulfuric acid and alkali were made of a gold alloy (80% gold and 
200jo copper). This alloy was not attacked appreciably during the series 
of experiments by the solutions in contact with it. 

The concentrations of sulfuric acid and sodium hydroxide used for the 
series for the interval 16 to 20° were: HzS04, 6.928%; NaOH, 27.73%; 
and for the series for the interval 18 to 20': HzS04,4.235%; NaOH, 13.- 
86%. As practically the same weights of the acid and alkali were used for 
each determination and as both the water standardization and the de- 
terminations of specific heat covered exactly the same temperature range 
it was not necessary to know the specific heats of these solutions with a high 
degree df accuracy. The following values for specific heats were used: 
H&O4 (6.928%), 0.94; H2SO4 (4.235%), 0.96; NaOH (27.73%), 0.83; 
NaOH (13.86%), 0.87. 

Tables I1 and I11 give the experimental data for the determinations over 
the interval 16 to 20°. In Table 11, (2100 represents the heat evolved during 
the neutralization of 100.0 g. of the solution of sulfuric acid, a t  20°. 

A similar series of experiments, including water standardization, was 
made with the same solution of hydrochloric acid over the temperature 

6 Richards, Mair and Hall, THIS JOURNAL, 51, 727 (1929). 
8 Richards and Rowe, Proc. Am. Acad. Arts Sci., 49,175 (1913). 
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Total heat capacity, 510.3 cal./deg. Weight of water, 400.5 g. Weight of NaOH 
colution, 17.09 g. 

Expt. HzSOa soln., g. Final temp., OC. Corr. rise," OC. Qloo, calories 

1 85.116 20.01 3.989 2391.6 
2 85.098 19.99 3.982 2387.9 
3 85.102 19.99 3.985 2389.6 
4 85.102 19.99 3.986 2390.2 
5 85.102 19.99 3.985 2389.6 - - -- 
Mean 19.99 3.985 2389.2 

Heat  capacity of apparatus, HzSO4 and NaOH, 109.8 cal./deg. Weight of HCI - 
20Hz0, 470.6 g. Weight of NaOH solution, 17.09 g. 

Specific heath 
HC120Hz0 

Expt. HBOn soln., g. Final temp., ' C .  Corr. rise," ' C  Mean cal. 16-20' 

1 85.105 
2 85.098 
3 85.115 
4 85.103 
5 85.320 
6 85.119 

Mean 

' T h e  temperature rise is corrected for exposed stem, setting and stirring. "s 
the average final temperature of the water standardization series was 19.99' and the 
temperature coefficient for the neutralization of sulfuric acid is fairly large, a small cor- 
rection was applied in Expts. 2, 3, 4 and 8 of Table I11 for the variation in the final 
temperature from 19.99 ". For this purpose the temperature coefficient given by Rich- 
ards and Rowc7 (-49.5 cal. per l / z  mole H L S O ~  per "C.) and the average value for the 
heat of neutralization of 100 g of 6 928% HHsSOr obtained in Table I1 were used. 

interval 18-20'. The value obtained for the specific heat of HC1.20HzO 
over this range was 0.8510 (mean calorie 18-20°). 

The value 0.8507 for the specific heat of HC1.20HzO over the range 16- 
20° is considerably higher than the preliminary value of 0.8487 given by 
Richards and Rowe.? I t  may, however, be shown that our result is con- 
sistent with those of Richards, Mair and Hall6 for more dilute solutions of 
hydrochloric acid by plotting the apparent molal heat capacity with the 
square root of the molality as Randall and Rossinis have done for a number 
of electrolytes. This provides an extremely sensitive graphical method of 
comparing the results (Fig. 1). 

7 Richards and Rowe, THIS JOURNAL, 42, 1621 (1920). 
"andall and Rossini, ib id . ,  51, 323 (1929); Rossini, Bur. Stands. J. Res., 4, 

313 (1930). 
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The Heat of Solution of Tricalcium Aluminate in HC1.20Hz0 and in 
HC1.200H20 

The results of the determinations of the heat of solution of tricalcium 
aluminate, Sample No. 1, in HC1.20Hz0 are given in Table IV. The specific 
heats used in calculating the heat capacity of the calorimeter system were: 
gold, 0.031; gold alloy (80% Au, 20% Cu), 0.44; HC1.20HzO (16-20°), 
0.8507, (18-20°), 0.8510. The specific heat for HC1.20HpO is in terms of 
the specific heat of water over the same temperature interval. All weights 
were corrected to vacuum. 

HC1.200HzO HC1.50HzO HC1.20Hz0 
HC1.100Hz0 HC1.25Hz0 

Square root of molality. 
Fig. 1.-Apparent molal heat capacity of HCI at 18'. 0, 

Richards, Mair, and Hall; A,  Richards and Rowe; a, Thor- 
valdson, Brown and Peaker (HC1.20HzO). 

From Table IV one finds that the average proportion of aluminate to 
acid is 1 g. to 210.7 g. of HC1-20Hz0. In order to calculate the heat of 
solution of tricalcium aluminate in HC1.200Hz0 it is necessary to  determine 
the heats of dilution of 210.7 g. of HC1.20HzO to HC1.200HzO and of 211.7 
g. of the aluminate solution to a corresponding dilution. It is also neces- 
sary to determine the heat effect of mixing the resulting diluted solutions. 

Ten determinations of the heat of dilution of HC1.20HzO to HC1.200Hz0 
were made. The weight of HC1.20HzO used for each experiment was 61.21 
g., the total heat capacity was 564 cal. and the final temperature 20.0°. 
The corrected rise varied from 0.150 to 0.152' with a mean of 0.150g0. 
The heat of dilution is therefore 85.11 calories for 61.21 g. or 293.0 calories 
for 210.7 g. of HC1.20Hz0. 

In a similar way it was found that 211.7 g. of the aluminate solution gave 
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TABLE I V  

HEAT OF SOLUTION OF 3Ca0.AlzO~, SAMPLE 1, IN HC1-20Ht0 
Weight of HC1.20Ho0, 600.4 g. 

Heat Heat of soln. 
Final capacity.' per gram 

Expt. 3CaO'AbO:, g. temp., OC. Corr. rise,= OC. 18O cal. at 20". cal.zo0 

1 2.8481 20.01 3.968 528.6 736.8 
2 2.8649 19.95 3.991 528.6 736.7 
3 2.8766 19.96 4.007 528.6 736.6 
4 2.8034 19.99 3.971 519.0 735.5 
5 2.8558 20.05 4.041 519.0 734.7 - - 
Mean 19.99 736.1 

corrected for evaporation". . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .736.4 
a Corrected for stem exposed, setting of thermometer and stirring The volume 

of air in the calorimeter was about 600 cc. This was no doubt saturated with water 
vapor a t  the beginning of each run and probably nearly saturated a t  the end of each 
run. Three-fourths of the calculated correction for the heat of vaporization is applied. 

The temperature of the sample of tricalcium aluminate when introduced into the 
calorimeter was 20'. The heat capacity of the aluminate is therefore not included in 
the calculated value. 

on corresponding dilution the mean value of 289.4 calories. For this 
determination it was necessary to know the specific heat of the aluminate 
solution. Determinations, made as for HC1.20Hz0 described above, gave 
0.847 calorie per degree and this value was not found to vary appreciably 
for the different aluminate solutions used. 

Experiments showed that there was no heat effect produced when HC1.- 
200H20 was added to the diluted aluminate solution. Thus the heat of 
solution of 3Ca0.Alz03 in HC1.200H20 is independent of the proportion of 
aluminate to acid at  least for proportions approximating those used. The 
calculated value for the heat of solution of 3CaO.Al203 in HC1-200Hz0 a t  
20° is therefore 732.8 (736.4 + 289.4 - 293.0) calories (20') per gram. 

The Heat of Solution of 3CaO.Al2O3.6H20 in Hydrochloric Acid.g- 
Thorvaldson and Gracelo have shown that tricalcium aluminate forms a 
very stable hydrate of the composition 3CaO.A1~0~.6H~0. This hydrate is 
readily formed when tricalcium aluminate is hydrated in steam under 
pressure. 

Determinations of the heat of solution of two samples of 3CaO.Al203.- 
6H20 prepared from 3CaO.A120t, Sample 1, were made. Sample A was 
prepared by exposing the freshly ignited aluminate to saturated steam a t  
150' in an autoclave and drying the resulting hydrate to constant weight 
over calcium oxide. It was found that the 3Ca0-Aiz03 had taken up 
39.97% of water, which corresponds to a formula of 3Ca0.AI2O3.5.99Hz0 

@ The authors are indebted to Mr. Norman S. Grace for preparing the samples 
of the hydration products of tricalcium aluminate used in the determinations of the 
heat of solution. 

lo Thorvaldson and Grace, Canadian I .  Res.. 1,36 (1929). 
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Sample B was prepared by adding water to the anhydrous aluminate and 
drying to constant weight over calcium oxide, this process of treating with 
water and drying being repeated several times. The total increase in 
weight after drying over lime was 40.08%, which corresponds to a formula 
of 3CaO.AlzO~.6.01H~O. 

Special precautions were taken to prevent access of the carbon dioxide of 
the air to the samples during the preparation of the hydrate. This could 
be effectively prevented in the case of the hydrate prepared in steam by 
taking care that the air and water in all vessels were free from carbon 
dioxide. There was a somewhat greater chance in the case of the sample 
prepared at  room temperature for contact with ordinary air and there may 
have been a slight absorption of carbon dioxide. This probably accounts 
for the slightly lower heat of solution obtained for Sample B. Both sam- 
ples were entirely isotropic and had an index of refraction," NN, 1.604 
* 0.002. 

TABLE V 
HEAT OF SOLUTION OR 3Ca0.Al2O3.6Hz0 IN HC1.20HzO 

Total heat capacity, 519.2 cal./deg. Weight of HC1.20Hz0, 600.4 g. 
Heat of so1n.b at 20' 

3Ca0-AbOr6HzO. 3CaO.Ah01, Final Corr. cal.20 per gram 
Sample g.= g. temp., O C .  rise,a "C. 3CaO.AIz03 

Average for Sample A 

Average for Sample B 
Average for Samples A and B .  

" Corrected for stem exposed, setting of thermometer and stirring. Corrected for 
evaporation and from the 19' to the 20' calorie. The temperature of the sample of 
hydrated tricalcium aluminate when introduced into the calorimeter was 20". The 
heat capacity of the aluminate is therefore not included in the calculated value for heat 
capacity. 

The heat of dilution of the aluminate solution obtained from the experi- 
ments recorded in Table V to a dilution corresponding to HC1-200Ha0 a t  
20° was determined. Four determinations gave exactly the same value, 
namely, 84.09 calories for the heat of dilution of 61.43 g. of the solution 
(that is, a temperature rise of 0.149' for a heat capacity of 564.4 cal./deg.). 
Considering the determinations with Sample A in Table V, the average 
weight of HCl.20HeO used per gram of anhydrous tricalcium aluminate was 
288.9 g. and the corresponding average weight of aluminate solution pro- 

'1 Measurements by V. A. Vigfusson. 
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duced was 290.3 g. The heats of dilution amount to  401.7 and 397.4 
calories, respectively. 

The value for the heat of solution of 3Ca0.A1903.CiH20 (Sample A) in 
HC1.200Hz0 at  20' is therefore 518.8 caloriesmo per gram of anhydrous 
tricalcium aluminate or 370.6 calorieszoo per gram of the hydrate. 

The calculated heat of hydration of tricalcium aluminate to the hexa- 
hydrate a t  20' is 214.0  calorie^^,,^ per gram or 57.8 kg. calorieszoo per for- 
mula weight. 

Heats of Solution of Higher Hydrates of 3Ca0.Al2O3 
A crystalline hydrate of tricalcium aluminate occurring as hexagonal 

plates, needles and spherulites is well known. Attempts to obtain this hy- 
drate in the pure state and determine its water of hydration ha;e produced 
results which are apparently very discordant, GalloJX2 Klein and Phillips:" 
and Pulfrich and Linck14 reporting a water content varying from 5.5 to 10.5 
molecules. Later experimental work1& has shown that special precautions 
must be taken in order to obtain this hydrate free from admixture of the 
isotropic hydrate 3CaO.AlzO3.6H20. Further, i t  appears that on drying, 
the crystalline hexagonal plates, which when formed in equilibrium with 
water near its freezing point probably have the composition 3Ca0-Alz03.- 
12Hz0, give up their water of hydration in several steps without a ma- 
terial change in the crystalline form until exposure over calcium oxide 
produces a material of the composition 3CaO.Al203.8HzO. 

There seems, however, to be some doubt as to the existence of several 
anisotropic hydrates of tricalcium aluminate. It was thought that de- 
terminations of the heat of solution of hydrated material containing varying 
amounts of water might give an indication as to the way in which the water 
is held. In determining the heat of solution of calcium hydroxide in HC1.- 
200Hz0 i t  was foundzb that this substance is capable of taking up large 
quantities of water with only a very slight decrease in the heat of solution. 
As it is generally accepted that calcium hydroxide does not form a higher 
hydrate, a similar change in the heat of solution of hydrated tricalcium 
aluminate with increasing water content would suggest that the water is 
not bound chemically. 

The higher hydrates of tricalcium aluminate were formed by the gradual 
addition of anhydrous tricalcium aluminate to carbon dioxide-free water, 
the mixture being cooled by ice. The hydrate was then kept in contact 
with water below 21' for about two weeks, after which portions were 
dried a t  21' over saturated solutions of various salts. The method is 
described in detail elsewhere.I5 

l2  Gallo, Gazz. chim. ztal., 38, 11, 156 (1908). 
l3  Klein and Phillips, Techn. Paper No. 43, U. S. Bureau of Standards, 1914. 

Pulfrich and Linck, Ko2loid-Z., 34, 117 (1924). 
l6 Thorvaldson, Grace and Vigfusson, Canodialz .T. Res., 1, 201 (1929). 
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The hydrates used for this series of determinations were prepared from 
:3Ca0.A1%03, Sample 3. This sample is slightly low in lime and contains 
therefore a small quantity of the aluminate next lower in lime, namely, 
5Ca0-3A1203. On hydration this substance forms hydrated tricalcium 
aluminate with liberation of the excess of alumina as hydrate. It was 
found that the heat of solution of Sample 3 in HC1.200HzO was 9.3 calories 
per gram lower than that obtained with tlie purer Sarnple No. 1, but the 
heat of solution of the hydrate (SCa0.A1203.0H20) obtained by exposing 
Sample No. 3 to steam under pressure was also 9.3 calories lower than that 
for the corresponding product from Sample I, giving a calculated heat of 
hydration of 214.1 for Sample 3 against 214.0 calories for Sample 1. There 
was therefore good reason to expect that the diferences in the heat of solu- 
tion of the various hydrates prepared from Sample 3 would not differ 
materially from those which would have been obtained with hydrates 
from the purer Sample, No. I. Table VI gives the caIcuIated heats of 
hydration of tricalcium aluminate to hydrates containing four different 
amounts of water. 

HEAT OF HYDHATION OF TRICALCIUM ALUMINATE C)ALCUI,ATED FROM VALUES FOR 

HEATS OF SOLIJTION OF THE HYDRATES IN HC1~2001-IzO 
I l p d r ~ t ~ o n  of Hwt  effect calories per gram 
3Cd0 A1203 of anhydrou? aluniinate 

:~CaO.A1203.6.00H~0 214 
3CaO.AIL0~.8.00H2O 235 
3CaO.Al203.10.2H20 251 
3Ca0.Als0,.1 l .6Hz0  261 

The values given in Table VI  can be considered only as preliminary. 
The changes in the heat effect are rather larger than one would expect 
were the water adsorbed by 3Ca0.A12O3.8H?Ol but are approximately 
proportional to the increase in HzO in the material. The results can 
hardly be considered to give conclusive evidence as to the existence of 
several anisotropic hydrates of tricalcium aluminate. 

The Heat of Formation of Tricalcium Aluminate.-The heat of forma- 
tion of tricalcium aluminate from calcium oxide and aluminum oxide may 
be calculated from the heats of solutioli of these substances in hydrochloric 
acid. As no experimental value for the heat of solutioll of aluminum oxide 
in hydrochloric acid is available, this must also be calculated from other 
thermochemical data. Using the value 68.4 kg. cal. per mole for the heat 
of formation of water,lh 127 kg. cal. per gram atom as the heat of solution of 
aluminum in HC1-200H20,3 and 190.0 kg. cal. per gram atom as the heat of 
combustion of a lurninun~,~~ we obtain 79.2 kg. cal. per mole for the heat of 

l6 Lewis, THIS JOURNAL, 28, 1390 (1906). 
l 7  Roth and Xliiller, 2. phys. Chenc., 144, 257 (1929). 
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solution of Alz03 in HC1.200H20. Combining this value with 46.5 kg. cal. 
per mole as the heat of solution of calcium oxide2" and 198 kg. cal. per 
mole as the heat of solution of tricalcium aluminate in HC1.200Hz0, one 
obtains 20.7 kg. cal. per mole for the heat of formation of 3CaO:Alz0, from 
CaO and Alto3 at  20'. 

Summary 

1. The heat 01 solution of tricalcium aluminate in hydrochloric acid 
(1 g. of 3CaO-Al2Oa to 19.4 g. of HCI) was found to be 736.4 c a l . ~  per gram 
of 3Ca0.A1203 in HC1.20Hz0 or 732.8 cal.20 per gram in HC1.200HzO a t  20'. 

2. The heat of solution of the isotropic (regular) hydrate of tricalcium 
aluminate (3CaO.Al20-GH20) in hydrochloric acid (1 g. of anhydrous 
3CaO.Al203 to 26.5 g. of HC1) was found to be 523.1 cal.20 per gram of 
anhydrous aluminate in HC1.20Hz0 or 518.8 ~ a l . ~ ~  per gram in HC1.200Hz0 
at 20°. 

3. The heat of solution of tricalcium aluminate in HC1.200Hz0 was 
found to be independent of the amount of acid of this concentration used 
in excess of the above ratio of aluminate to acid. 

4. The calculated heat of hydration of tricalcium aluminate to the 
hexahydrate is 214 cal.2" per gram at  20°. 
5. Preliminary values were obtained for the heat of solution in HC1.20- 

Hz0 of samples of anisotropic (hexagonal) hydrates of tricalcium aluminate 
containing 8, 10.2 and 11.6 moles of water of hydration per formula weight 
of 3Ca0.Als03. 

6. The specific heat of hydrochloric acid of the concentration HC1.20- 
Hz0 was determined between 16 and 20° as compared with water over the 
same temperature interval and the value 0.8507 was obtained. 

7. The value of 77 calories per gram was obtained for the calculated 
heat of formation of tricalcium aluminate from lime (CaO) and alumina 
(Alto$) at  20'. 
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STUDIES IN DIFFUSION. 11. A KINETIC THEORY 
OF DIFFUSION IN LIQUID SYSTEMS 

BY J. HOWARD ARNOLD 

Rucsrvun JULY 16, 1430 PUBLISHED OCTOBER 6, 1930 

The experimental study of diffusion in liquid systems was begun by 
Graham about 1850. A few years later Fick,' from anafogy with Fourier's 
law of thermal conduction, enunciated the basic law of diffusion. I n  
1879 Stefan2 showed that the data of Graham harmonized with Fick's 
Law, and developed the theory of liquid diffusion further along the same 
lines as his theory of diffusion in gaseous  system^.^ The equation given 

diV/dO = DAdc/dn 

by Fick rests upon the assumption that the driving force causing diffusion 
is proportional to the concentration gradient. The use of the equation 
requires the evaluation, by measurement or estimation, of the propor- 
tionality constant D, usually termed the diffusion coefficient or diffusivity. 

TABLE OF NOMENCLATURE 

(1) - Subscript referring to diffusing substance (solute) 
(2) - Subscript referring to solvent medium 
A - Area of contact; abnormality factor for compounds containing active oxygen or  

nitrogen 
a, A', B' - Proportionality constants 
B - Universal constant in the equation for D 
b - Temperature coefficicnt 
c - Concentration, in moles per cubic centimeter 
D - Diffusion coefficient (diffusivity), ~m.~/sec.  or crn.*/day 
a! - Differential operator 
F - Factor used to allow for resistance due to intermolecular forces 
M - Molecular weight 
m - Wcight of a single molecule 
N - Number of moles of substance transferred 
R - Gas constant, in pV = RT 
r - Radius of diffusing particle 
S - v,'/' 4- VZ1/(; represents the sum of the molecular diameters 
T - Absolute temperature, degrees Kelvin 
t - Temperature, degrees centigrade 
u - Net forward velocity of diffusion 
V - Volume of one mole of liquid; refers to b. p. for the calculation of S 

v - Specific volume 
w - Molecular velocity of thermal agitation 
x - Distance, measured in the direction of diffusive flow 
Z - Solvent viscosity, in centipoises 
8 - Time, in seconds or days 

Fick, Ann. Phys., 94, 59 (1855). 
Stefan, Wien. Ber., 79, 161 (1879) 
Lewis and Chang, Am. Inst. Chem. Eng.. 21, 135 (1928). 
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Numerous attempts to correlate the values of D obtained experimen- 
tally and the properties of the substances involved have been made dur- 
ing the past fifty years; none has been a pronounced success, and all have 
lacked generality. The principal difficulty in the way of the develop- 
ment of a rational theory of diffusion in liquid systems has been the ab- 
sence of a kinetic theory of liquids corresponding to  that of gases. At- 
tempts a t  correlation have proceeded along two diametrically opposite 
lines, the kinetic and the hydrodynamic, as represented by the Exner 
Rule and the Stokes-Einstein Equation. 

From kinetic theory it is known that in any gaseous system the average 
kinetic energy of a molecule is a function of temperature only 

mw2 = constant 

It is seen from this that the translational velocity of the molecule is in- 
versely proportional to the square root of the molecular weight; if we 
make the simple assumption that the rate of diffusion varies directly as 
the translational velocity, the diffusivity varies inversely as the square 
root of the molecular weight (Graham's Law). In 1875 Exner4 applied 
this rule to the diffusion of gases through liquids, and showed that i t  is 
in agreement, approximately, with the experimental data. This work 
was continued by Hiifner,5 who later extended i t  to substances other than 
dissolved gases, as did Euler6 and Pickering.' The rule has been exploited 
by a number of other investigators, among them T h o ~ e r t , ~  0holm,%nd 
Carlson.lo More recently, Smith,I1 using  holm's data, defined DIM 
as the "ideal diffusion coefficient," which was then shown proportional 
inversely to the 3 / 2  power of M. 

I n  1858, Wiedemann12 found that D varied inversely as the solvent 
viscosity, thereby laying the foundation for numerous attempts a t  corre- 
lation along hydrodynamical lines. This fact was combined by Walden13 
with the Exner Rule, giving the relation 

DZM1/2 = constant 

The equations of Wiedemann and Walden were tested for a large number 
of systems by Thovert,14 and found to conform approximately to the 
observed facts. 

Exner, Ann. Phys., 155, 443 (1875). 
Wufner, ibid., 16, 253 (1882); 60, 134 (1897); Z. physzk. Chem.. 27, 227 (1898). 

Euler, Ann. Phys., 63, 273 (1897). 
Pickering, Phil. Mag., 35, 127 (1893) 
Thovert, Compt. rend., 135. 579 (1902). 
~holrn ,  Z. physik. Chem., 70,373 (1910). 

lo Carlson, THIS JOURNAL, 33, 1027 (1911). 
Smith, ibid., 36, 847 (1914); 37, 722 (1915) 

l2  Wiedemann, Ann. Phys., 104, 170 (1858) 
l a  Walden, Z. Elektrochem., 12, 77 (1906). 
l4  Thovert, Compt. rend., 138, 481 (1904); Ann. de Phys., 2, 369 (1914). 
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In 1905 Sutherlandi6 and Einsteinls independently derived what is 
now known as the Stokes-Einstein equation. Sutherland applied the 
relation 

RT D=- 
GrrNZr 

( N  here is Avogadro's number) to the existing data, but finding the agree- 
ment poor, discarded i t  in favor of the empirical equation 

V = A 1 / V  + B1/V1/r  

Einstein, who derived the relation in the course of his investigation of the 
Brownian movement of colloidal particles, indicated its possible useful- 
ness in molecular diffusion, but did not apply it to the existing data; this 
has been done by von Wogau,17 Groh and Kelp, Svedberg l%nd Miller, 
resulting in the conclusion that the equation is only approximately true 
for the diffusion of molecules, though accurate for colloidal particles. I ts  
breakdown is due to the inapplicability of Stokes' law, which assumes 
the solvent to be a continuum, a postulate no longer satisfied when the 
diffusing particle approaches the solvent molecules in size. It also posses- 
ses the obvious fault of including only the viscosity of the solvent and the 
radius of the diffusing particle, which are certainly insufficient to  specify 
the behavior of the system; similar objections apply to the Exner Rule. 
It may be noted that Gapon and MuchinlQave derived an equation 
similar to the Stokes-Einstein, but including other variables than r and z. 

Riecke20 found a relation between the diffusivity and the mean free 
path of the diffusing molecule, but as he did not evaluate the free path 
length, the theory is incomplete. His theory is essentially the same as 
the usual kinetic theory of diffusion in gases. Enskog21 has also made a 
preliminary attempt to apply gas theory to liquid diffusion. 

In the absence of a classical kinetic theory of liquids, there has arisen 
in recent years a tendency to apply the kinetic theory of gases directly 
to liquid systems, usually with the introduction of a free space factor to 
take account of the fact that the close packing of the molecules must 
necessarily interfere with their freedom of motion. In  this manner 
Chris t ian~en,~~ Norrish and Smithz3 and J ~ w e t t ~ ~  have made use of the 
gas theory expression for collision rate in their studies of reaction velocity 

l5 Sutherland, Phil. Mag., 9, 781 (1905). 
la Einstein, Ann. Phys., 17, 549 (1905). 
l7 Von Wogau, Ber. physik. Ges., 6, 542 (1908). 
l8 Svedberg, "Existenz der Molekiile," p. 60. 
l9 Gapon and Muchin, Ukrainskii Khem. Zhur., 2,459 (1926). 

Riecke, 2. physik. Chem., 5 ,  564 (1890). 
21 Enskog, Svenska Vet. Ak., 63, 4 (1922). 
22 Christiansen, Z.  physik. Chem., 113, 35 (1924). 
23 Norrish and Smith, J. Chem. Sac., 129 (1928). 
2 4  Jowett, Phil. Mag., 8, 1059 (1929). 
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in liquid systems. LenardZ6 follows a similar course in his consideration 
of ionic mobility. 

It is the purpose of this paper to demonstrate that the classical kinetic 
theory expression for gaseous diffusivity may be applied to liquid systems, 
provided that due regard be taken of the complications introduced by the 
close packing of the molecules. We shall first apply gas theory directly 
to  liquid diffusion, later modifying the equation so obtained to allow for 
the failure of several assumptions made for gases. The derivation which 
follows closely parallels that of Stefanz6 for gaseous diffusion. 

Fick's law states that the dsusion rate is proportional to the concen- 
tration gradient 

dNt/Ade = DdcJdx 

If we represent by ul the net forward velocity of a molecule in the diffusion 
stream 

dN~/Ade = 6 1 ~ 1  

It may easily be shown by calculation that the acceleration of the diffusing 
molecules is negligibly small; in the absence of external forces, the driving 
force dc/dx is used solely to overcome the resistance to diffusion, measured 
in terms of the momentum transferred from the diffusing solute to the 
solvent. This momentum transfer is equal to the product of the total 
number of collisions of unlike molecules by the momentum loss per colli- 
sion. From gas theory the number of collisions per second is proportional 
to the concentration of each type of molecule, to an "average" molecular 
cross-sectional area, and to the root mean square molecular velocity; 
that is, to 

ClC2 S2 dw13 + wza (3) 

where S2 represents the square of the sum of the molecular diameters. 
At constant temperature, all the molecules in the system have, on the 
average, the same kinetic energy; w2 therefore varies inversely as the 
molecular weight, since Mw2 is constant, and Expression 3 becomes 

For forceless spheres, the momentum loss per collision is 

Since the mass of a single molecule, m, is proportional to the molecular 
weight, MI Expression 5 may be written 

ul + % being the relative velocity of unlike molecules. 
" Lenard, Ann. Physik. 61,665 (1920). 

Stefan, Wien. Ber., 65, 323 (1872); cf. Sutherland, Phil. Mag., 38, 1 (1884). 
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Assuming no volume change on mixing, we may write the equation of 
continuity to express the constancy of volume 

clVlul - CSVI* = 0 (7) 

since the sum of the partial volumes equals the total volume 
sV1 + cav* = 1 (8) 

Combining Equations 7 and 8 

From 4, 6 and 9 the resistance to diusion is found to be proportional to 

From Equations 1 and 2 
dcl/dx = czu~/D (11) 

On setting the driving force dcl/dx equal to the resistance and solving 
for D we have 

1 

D = 
SP 

where B is a proportionality constant. Except for the Vz, this is identi- 
cal with the expression derived by Stefan for gaseous diiusion. 

In the derivation of Equation 12 three assumptions relative to  the col- 
lision rate have been made, vie., (1) that all collisions are binary, involving 
two molecules only; (2) that the collision rate is unaffected by the volume 
occupied by the molecules, which in a gas is negligibly small compared 
to the total volume; and (3) that the intermolecular attractions do not 
come into play. While in the kinetic theory of gases these assumptions 
may be allowable, in the treatment of liquid diffusion none of them can 
be considered valid because of the greater molecular density in the liquid 
state. As far as the writer is aware, no molecular analysis of the prob- 
lem of collision rate in liquid systems has been made; in this paper we 
shall take account of the failure of the three assumptions mentioned in a 
semi-empirical way, by means of a factor F to be inserted in the denomi- 
nator of Equation 12, this factor being evaluated by a study of the availa- 
ble data on liquid diffusion. 

Since roughly one-third of the volume of a liquid is occupied by the 
molecules themselves, it is apparent that a fairly large fraction of the 
collisions will be of an order higher than the second, on account of the 
very close packing. It has been shown by SyrkiiZ7 that the expression 
for the rate of higher order collisions is of a form similar to Equation 4; 
as will be seen later, we may assume to a sufficient approximation that the 
simpler expression (4) is applicable. 

* Syrkin, Physik. Z., 24, 236 (1923). 
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The effect on collision rate of the volume occupied by the molecules 
was first evaluated for gases by van der WaalsZ8 in developing his equa- 
tion of state. For gases, the correction factor obtained is always a func- 
tion of the ratio b/V, where b is proportional to the actual volume of the 
molecules and V is the apparent volume. In the gaseous state, b / V  is 
very small, while for a liquid it is roughly unity; however, in a liquid, 
17 is no longer constant as required by Avogadro's law, but varies from 
liquid to liquid over a wide range. At the boiling points, or other corre- 
sponding temperatures, the actual volume of the molecules is the same 
fraction of V for all liquids, hence b / V  becomes the same for all liquids. 
The correction factor therefore varies from liquid to liquid only in so far 
as V a t  the given temperature differs from V at  the boiling point; be- 
cause of the low coefficients of expansion of liquids, this variation will not 
be large. Moreover, the correction factor is probably quite insensitive 
to  moderate variations in b/ V, and, since most liquids are not far removed 
from their boiling points at  ordinary temperatures, we may safely suppose 
that this factor is constant for all systems, as a working approximation; 
exceptions will be met with in the case of high-boiling solvents. 

The third assumption, that intermolecular forces may be neglected, 
is not tenable even in the theory of gaseous diffusion, and much less so 
in the case of liquids. Presumably because of induced curvature in the 
molecular paths, such forces cause a very considerable increase in the 
collision rate; the effect is a specific one, depending on the nature of the 
molecules composing the system, and varying over an extremely wide 
range. The effect of molecular forces on gaseous viscosity and diffusion 
was considered by S~ the r l and ,~~  who arrived a t  a dynamical solution of 
the problem; the application of Sutherland's equations to gaseous diffu- 
sion is treated in the first paper of this series.aO In the present state of 
liquid kinetic theory, a dynamical analysis of the problem is impossible; 
we shall therefore evaluate the factor F in terms of other properties of 
the system as parameters, thereby avoiding the necessity for such an analy- 
sis. Since F is intimately connected with the total transfer of momen- 
tum within the fluid, it is logical to relate i t  to the viscosity of the medium, 
which is a measure of such transfer. 

By the empirical examination of the existing data on the diffusion of 
non-electrolytes, several rules for the variation of F with the nature of 
the system have been determined. In this paper we shall be concerned 
only with the data for low concentrations of diffusing substance, i. e., 
for dilute systems, a condition satisfied by practically all the existing data. 

28 Jeans, "Dy~~amical Theory of Gases," pp. 125 ff.; Loeb, "Kinetic Theory of 
Gases," pp. 130 ff. 

29 Sutherland, Phil. Wag., 36, 507 (1893); 38, 1 (1894). 
30 Arnold, Ind. Eng. Chem.. 22, 1091 (1930). 
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1, For dilute systems, F is essentially a function of the solvent proper- 
ties only, being nearly independent of the nature of the diffusing sub- 
stance; thus the diffusion data for a number of solutes in any giveti sol- 
vent obey the same law found for gaseous diffusion, except for the pro- 
portionality constant. This rule is not strictly true, some dependence 
of F on solute properties being noted, but the meagerness of the available 
accurate data prevents the more accurate determination of the nature 
of this dependence. 

2. F is directly proportional to thc square root of the solvent viscosity. 
For high-boiling solvents indications are that some modification of this 
rule is necessary; this also is hampered by scarcity of data. 

3.  When either solvent or solute, or both, belongs to  the class of sub- 
stances commonly regarded as "associated," factors Al and A2 (for solute 
and solvent, respectively) must be inserted in the expression for F. Such 
substances are those containing an unsaturated oxygen or nitrogen atom, 
e .  g., water, alcohols, acids, amines, etc., whose molecules as a result of 
this unsaturation possess unduly large attractive forces, and consequently 
show anomalies in many physical properties. With such substances the 
resistance to  diffusion is found to be higher than can be accounted for by 
the first two rules, necessitating the use of the "abnormality factor," A .  

The complete expression for F is therefore 
F = -4 1-4 2 L7?z2'I2 (13) 

the Vz in this expression canceling that in Equation 12, as is found neces- 
sary for proper correlation. The final equation for D to be tested is then 

As a standard temperature of comparison, we shall use 20°, conversions 
to this temperature being made with the aid of the coefficients discussed 
later. Zz is expressed in centipoises a t  20'; S is the sum of the cube 
roots of the molecular volurnes of solute and solvent, found with the aid 
of the Kopp-Le Bas system of calculation as described in the previous 
paper. 

To test the first rule governing F, we require data on the diffusion of 
normal substances in a single solvent; these are supplied by the experiments 
of T h ~ v e r t , ~ ~  using benzene as the solvent. Table I contains values ob- 
served a t  15', in ~m.~/sec . ,  X lov5 together with D,,,,,, found with the 
aid of a graphically determined value of B of 0.00918 a t  15O, or 0.0100 a t  
20°. The agreement is not exact, the ratio of calculated t o  observed D 
tending to  rise with increasing molecular weight; the median deviation 
is 8a/o, which is not to be considered serious inasmuch as the probable 

Thovert, Ann. phys., [9] 2, 415 (1914). 
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experimental error is about 5% or even more. We shall therefore assume 
that  F is approximately independent of solute nature, for normal solutes. 

TABLE I 
DIFFUSION IN BENZENE (THOVERT) 

Diffu-ing solute V SP ,/FA& 
Chloroform 92.3 83.4 0 1456 
Bromoform 99.5 85.0 1295 
Iodoform 129.5 92.9 ,1238 
Ethylene dichloride 93.6 83.2 .I514 
Ethylene dibromide 98 4 84.5 .I347 
Ethylene di-iodide 118.4 90.1 ,1280 
Trichloropropane 136 7 94.9 .I400 
Ethyl ether 107.2 87.2 .I623 
Methyl salicylate 161.5 100.6 ,1392 
Chlorobenzene 116.9 89 9 .I454 
Dichlorohenzene 137.8 95.3 ,1400 
Bromobenzene 119.3 90.4 .I384 
Dibromobenzene 142.6 96.4 ,1307 
Iodobenzene 129.3 92.9 ,1330 
ChloronaphthaIene 170.1 102.6 ,1383 
Dichloronaphthalene 191.0 107.0 .I338 
Bromonaphthalene 172.5 103 2 ,1330 
Dibromonaphthalene 195 8 108.0 .I277 
Nitrobenzene 122.7 9 1 4  1447 
Dinitrobenzene 149.4 97.8 .I370 
Trinitrobenzene 176.1 103.8 ,1310 
Chloronitrobenzene 143.6 96 6 ,1430 
Bromonitrobenzene 146.0 97 2 1332 
Nitronaphthalene 175.9 103 8 1363 
Dinitronaphthalene 202 6 109.4 ,1320 

The relation of 17 to solvent viscosity is well shown by the data of Miller32 
on the diffusion of iodine (Table 11). The values for diffusion in ether 
and ethyl alcohol are due to Groh and Kelp,33 whose values for benzene, 
carbon disulfide, and chloroform agree closely with those of Miller. The 
units of D are ~rn.~/day,  a t  20°; converted to these units, the B found 
from Thovert's data is (0.01) (86400) or 864, which is found to be satis- 
factory for the correlation of Miller's data as well. The last column 
of Table I1 contains the ratio of calculated to observed D, assuming Al 
and AI of Equation 14 to be unity; for most of the solvents the ratio is 
seen to be nearly unity, indicating the correctness of our theory. Hep- 
tane is anomalous, for no apparent reason, while the high-boiling solvents 
anisole, phenetole, ethylene dibromide and acetylene tetrabromide show 
rather large deviations which will be mentioned further below. For 

az Miller, Proc. Roy. Soc. (London), 106, 724 (1924). 
Groh and Kelp, 2. anorg. Chem., 147, 321 (1925). 
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acetic acid, methanol, ethyl alcohol and water, the ratio is much larger, 
since these substances are abnormal and As is greater than unity. As 
will be shown below, Az is a constant characteristic of the solvent, parallel- 
ing in magnitude the familiar "association factor" found from surface 
tension or similar anomalous properties of abnormal liquids. 

TABLE 11 
DIFFUSION OF IODINE (MILLER) 

Solvent I' Z'/¶ Dm,&. Dabs. Calcd./Obs. 
Benzene 96.0 0.801 1.81 1.670 1.08 
Toluene 118.2 .763 1.67 1.686 0.99 
m-Xylene 140.4 .802 1.41 1.454 .97 
Bromobenzene 119.3 1.065 1.01 1.038 .97 
Chloroform 92.3 0.761 1.83 1.831 1.00 
Carbon tetrachloride 113.2 .976 1.11 1.177 0.94 
Carbon disulfide 66.0 .613 2.70 2.697 1.00 
Heptane 162.8 .693 1.58 2.386 0.66 
Ethyl acetate 1082 .675 1.96 1.859 1.06 
Amy1 acetate 174.8 .934 1.04 1.071 0.97 
Ether 107.2 ,493 2.88 2.90 .99 
Anisole 129.2 1.040 1.11 0.977 1.14 
Phcneto!e 151.4 1.147 0.91 .&13 1.08 
Ethylene dibromide 98.4 1.310 .81 .719 1.13 
Acetylene tetrabromide 145.0 3.127 .255 .I576 1.62 
Acetic acid 63.8 1.120 1.65 .887 1.86 
Ethyl alcohol 59.2 1.100 191 1.02 1.88 
Methanol 37.0 0.781 3.64 1.572 2.325 
Water 18.4 1 005 4.48 0.832 5.38 

Table 111 contains the data of 0holm34 for the diffusion of bromoform 
through various solvents, with the calculated values of A2 shown in the 
last column. Table IV  gives the data of D ~ m r n e r , ~ ~  whose work is of 
especial interest because of his use of several substances both as solvent 
and as solute. Although he used 10 and 20% solutions, the effect of 

TABLE I11 
DIFFUSION OF BROMOPORM (OHOLM) 

Solvent V s 9 Z'/Z Dcelod. 

Ethyl ether 107.2 88.0 0.493 2.64 
Benzene 96.0 85.0 .SO1 1.65 
Acetone 74.0 78.2 .570 2.83 
Water 18.4 53.0 1.005 3.98 
Methanol 37.0 63.6 0.781 3.27 
Ethyl alcohol 59.2 73 0 1.100 1.74 
Propyl alcohol 81.4 80.7 1.492 1.03 
Amy1 alcohol 103.6 87.2 2.00 0.62 
(Bromoform) 99.5 . . . . . . 
34  holm, Medd. Nobelinst., 2, 23 (1913). 
35 Dummer, 2. anorg. Chem., 109,49 (1919). 
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concentration on U is not great, and the agreement throughout is satis- 
factory. For methanol, nitrobenzene and acetone, values of Az of 2.0, 
1.35 and 1.15 are required for good correlation. All values in Tables 
I11 and IV are in ~ m . ~ / d a y  a t  20°. 

System 1. 5 2  &I + ..a,,. ,,. 

In ethyl acetate: (1) (0.675) = AZ"~ 

Nitrobenzene 117.6 93.8 0.1395 1.91 1.94 
Benzo-trichloride 180.9 108.6 .I282 1.52 1.69 
Ethyl benzoate 174.6 107.0 .I340 1.61 1 6 0  

In ethyl benzoate: (1) (1 48) 

Nitrobenzene 117 6 110 0 0 1217 0.65 0.63 
Nitromethane 51 2 86 7 ,1517 1 02 .91 
Benzo-trichloride 180 9 126 0 1085 .51 .41 
Ethyl acetate 1082  107.0 1340 74 .77 
Acetone 74 0 96 0 1544 95 91 

In benzo-trichloride: (1) (1.53) 

Ethyl acetate 108.2 108.6 0.1282 0.67 0.66 
Ethyl benzoate 174.6 126.0 ,1085 .49 .45 

In methanol: (2.0) (0.781) 

Nitromethane 51.2 49.8 0.194 2.16 2.39 
Nitrobenzene 117.f; 68.0 .I97 1.61 1.56 
Ethyl acetate 108.2 65.5 ,206 1.74 1.79 
Ethyl benzoate 174.6 79.7 .I95 1.36 1.37 
Acetone 74.0 56.9 ,220 2 14 2.31 

In nitrobenzene: (1.35) (1 41) 

Nitromethane 51.2 74.5 0.1562 0.95 0.83 
Ethyl acetate 108.2 93.8 ,1395 .68 .68 
Ethyl benzoate 174.6 110.0 .I217 .50 .50 
Acetone 74.0 83.0 ,1590 .87 .80 

In acetone: (1.15) (0.570) 

Nitrobenzene 117.6 83.0 0.1590 2.54 2.54 
Ethyl benzoate 174.6 96 0 .I544 2.13 2.13 

Table V contains data from Thovert31 for the diffusion of normal solutes 
in methanol, in ~m.~/sec .  X a t  15O. Using the abnormality factor 
2.0 found from Dummer's data for methanol, satisfactory correlation is 
obtained, the deviations being of the same nature and magnitude as in 
Table I. I t  may be noted here that Thovert's results are somewhat 
erratic, with considerable errors in some instances; the general accuracy 
of his work is quite uncertain. 
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TABLE V 
I~IFFC'SION OF NORMAL SOLUTES IN METHANOL (THOVVKT) -- 

1 
Substance V $2 &+g7  l I,.,,.., 

Carbon tetrachloride 113.2 67.0 0.1940 1.70 
Chloroform 92.3 62.0 199'3 1 90 
Ethylene di-iodide 118.4 68 0 1866 I ti2 
Trichloropropanc 136.7 72 2 1964 1.59 
Ally1 bromide 89.9 61.1 1990 1 92 
Ally1 iodide 99.0 Ad.9 t930 1 7 %  
Acetonitrile 66.3 51.5 2360 2 70 
Ethyl ether 107.2 65.4 ,2120 1 9 2  
Ethyl nitrate 85.9 60.0 .2060 2 02 
Quinone 108.4 66.0 .2015 1SO 
Methyl salicylate 161.5 77.1 1972 1.51 
Nitrobenzene 122.7 69.2 ,1985 1.69 
Dinitrohenzene 149.4 74.8 1930 1.52 
Nitronaphthalene 175.9 80.0 1925 1.42 
Dinitronaphthalene 202.6 85.0 1892 1.32 
Chloronaphthalenc 170.1 79.0 ,1940 1.45 
Dichloronaphthalene 191 .0 83.0 ,1905 1.35 
Chlorobenzene 116.9 66.1 2005 1.79 
Bromobenzcne 119.3 68.4 1940 1.67 
1 odobenzene 129 4 70 5 .I903 1.59 

As noted above, when the solvent is abnormal, the calculated D must 
be brought into agreement with the observed D by the use of the ab- 
normality factor A%; i t  is also found that abnormal &fusing substances 
require the introduction of a factor AI, quite independently of the abnor- 
mal or normal nature of the solvent. This is clearly shown by Table 
VI, the values of D calculated on the assumption of an A1 of unity being 
uniformly too high; the ratio Dealcd./Dobs is then equal to  the factor 
A1. The last column contains values of A I  found similarly from Thovert's 
data on diffusion in methanol; in nlost cases these agree closely with the 
values for benzene solution, indicating that the abnormal diffusional be- 
havior of the solute is not greatly influenced by the nature of the solvent 
(see, however, the discussion of Table X). 

Table VII contains data by  holm^^ for the diffusion of both normal 
and abnormal solutes in ethyl alcohol; values of D are given in ~ m . ~ / d a y ,  
a t  20°, extrapolated to zero concentration. To a close approximation, 
the Az for ethyl alcohol may be taken as 2.0, as for methanol. The last 
column gives, for the abnormal solutes, the values of Al calculated from 
Thovert's data on diffusion in methanol, as in Table VI. 

We have next to consider the data for diffusion in aqueous solution. 
In order to arrive a t  an abnormality factor Ap for water, we are limited 
to the consideration of normal solutes only; unfortunately, nearly all 
substances which are water-soluble are also abnormal. In  Table I I I  
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Substance 

Formic acid 
Acetic acid 
Chloro-acetic acid 
Benzoic acid 
Phthalic acid 
Benzaldehyde 
Salicylaldehyde 
Quinone 
Propyl alcohol 
Amyl alcohol 
Phenol 
Chlorophenol 
Bromophenol 
Chloro-aniline 
Bromoaniline 

TABLE VII 
DIFFUSION IN ETHYL ALCOHOL (OHOLM) 

Substance V St 

Iodobenzene 129.3 80.6 0.163 0.79 0.85 (0.93) . . 
Bromonaphthalene 172.5 90.0 .I63 .71 .68 (1.04) . . 
Chloroform 92.3 71.2 1.73 .95 1.07 (0.89) . . 
Bromoform 99.5 73.0 .I60 .86 0.85 (1.01) . . 
Azobenzene 205.6 96.2 .I65 .67 .65 (1.03) . . 
Stearic acid 419 129.3 .I59 .48 .50 (0.96) . . 
Acetal 162.6 88 .O .I74 .78 .98 ( .80) . . 
Camphor 214.5 97.6 .I68 .67 .62 1.08 . . 
Pyridine 93.1 71.2 .I85 1.02 .95 1.07 1.26 
Ally1 alcohol 74.0 65.7 ,197 1.18 .83 1.42 1.27 
Amy1 alcohol 125.8 79.0 1.79 0.89 .68 1.31 1.29 
Chloral 114.5 76.8 .I69 .86 .56 1.53 1.40 
Saligenin 133.0 81 . O  .I72 .83 .53 1.57 . . 
Acetamide 71.1 65.0 .I97 1.19 .57 2.08 1.54 
Acetin 144 83.7 .I71 0.80 .48 1.67 .. 
Glycerin 99.5 73.0 .I81 .97 .45 2.15 1.65 
Hydroquinone 110.8 76.0 .I75 .90 .42 2.14 1.43 
Resorcinol 110.8 76.0 .I75 .90 .38 2.36 . . 
Cetyl alcohol 370 122.5 .I60 .51 .30 1.70 . . 
Ethyl alcohol 59.2 . . . . . . . . 2.00 . . 

an A2 of 4.70 was found, which on further trial proves to be correct, giv- 
ing excellent agreement with the experimental results for the diffusion 
of the fixed gases (Table VIII). The molecular volumes used in this 
table have been taken from the previous paper on gaseous diffusion, and 
were calculated from gaseous viscosity data; Kopp's law is rather difficultly 
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applicable to substances of low molecular complexity. The values of 
Do,. are taken as the most reliable of those cited in Table VTII-A, which 
was compiled from data given by tarn mans^^^ in his recent review of the 
subject, together with values for oxygen and carbon dioxide given by 

TABLE VIIX 

Gas 

Hydrogen 
Oxygen 
Nitrogen 
Carbon dioxide 
Nitrous oxide 
Acetylene 
Ammonia 
Hydrogen sulfide 
Chlorine 
Water 

Doh. 

5.13 (av.) 
1.80 
1.64 
1.50 
1.51 
1.56 
1.76 
1.41 
1.22 

TABLE VIIIA 

DIBFUSION OR GASES IN WATER (AFTER TAMMANN) 
Hydrogen Carbon Dioxide 

Dt 1 Dzo Dt t Dso 

Hagenbach 2.95 14 3.48 Hagenbach 0.770 0 1.23 
Exner 5.81 13 7.04 Hagenbach .843 15 0.97 
Tammann 2.95 17.5 3.17 Stefan 1.38 17 1.50 
Hitfner 4.09 16 4 58 Tammann 1.25 17.5 1.34 
Hiifner 4.45 21 4.32 Hiifner 1.383 15.2 1.60 
Hiif ner 7.53 16 8.44 Hiif ner 1.264 10.3 1.63 

Ammonia 
Scheff er 1.06 4.5 1.55 
Arrhenius 1.42 12 1.76 
Hiifner 1.106 15 1.27 
Abegg 1.575 16 1.76 
Hagenbach 1.594 17 1.74 
Exner 1.93 17 2.10 
Voigl5nder 1.26 20 1.26 

Hydrogen sulfide 
Hiifner 1.24 15.5 1.41 
Hagenbach 1.53 16 1.71 

Hiif ner 
Carlson 

Hiifner 
Tammann 
Exner 
Carlson 

Hiifner 
Exner 
Tammann 

Oxygen 
1.62 21.7 
2.05 17.5 
1.91 15 
1.607 16 

Nitrogen 
1.73 21.7 
1.68 15 
1.56 25 

Chlorine Nitrous oxide 
Hiifner 1.10 16.3 1.22 Hiifner 1.35 16.2 
Euler 1.22 12 1.51 Hagenbach 0.634 14 

Acetylene 
Tammann 1.45 17.5 1.56 

Tammann, 2. anorg. Chem., 179, 125 (1929). 
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Carlson," all data being reduced to 20° with the aid of a temperature 
coefficient of 0.030, and expressed in cm2/day. Especially in the case 
of hydrogen, disagreements among the various experimenters are ap- 
parent, and are traceable to the difficult technique involved and the low 
solubility of most of the gases. 

Representative of the diffusion of abnormal solutes in aqueous solu- 
tion, Table IX contains the data of Thovert. The dependence of A on 
the functional groups in the molecule is clearly shown; the aliphatic alco- 
hols show nearly the same value of A throughout, as do formic and acetic 
acids. In  the multiple-functioned compounds such as tartaric acid, gly- 
cerin and the sugars, internal neutralization of the abnormal forces operates 
to give a lower A than would be expected. When such neutralization 
becomes complete, an A of unity is to be expected; this is the case for 

TABLE IX 
DIFFUSION OF ABNORMAL SOLUTES IN WATER (THOVERT) 

Substancr 1.' S Z  d m D  e ~ l c  d. D obs. 

Formic acid 41.3 3 7 2  0 2 7 8  1.37 1.04 
Acetic acid 63 7 44.0 269 1.12 0.88 
Tartaric acid 135 60.3 .249 0 76 0.61 
Methyl alcohol 3 7 0  35.6 295 1 52 1.28 
Ethyl alcohol 59.2 42.6 278 1.24 1.00 
Propyl alcohol 81.4 48.7 269 1.01 0 8 7  
Butyl alcohol 103.6 53.8 .263 0.90 .77 
Amy1 alcohol 125.8 58.5 ,259 .81 69 
Ally1 alcohol 74.0 46.7 270 1.06 90 
Glycerin 96.2 52.2 258 0.91 .72 
Chlorohydrin 109.7 55.2 254 84 76 
Dichlorohydrin 1232 5 8 0  ,252 80 75 
Chloral hydrate 129.3 59.0 248 77 58 
Phenol 103.4 53.8 257 .88 .72 
Hydroquinone 110.8 55.3 254 84 .66 
Pyrogallol 118.2 57.0 252 81 .56 
Glucose 178 68.3 247 66 52 
Mannite 185 69.4 ,247 65 .50 
Lactose 340 92 7 .246 49 38 
Raffinose A 503 112 240 39 33 
Aniline 110.2 5 5 2  257 85 69 
Aniline hydrochloride 138.5 61.0 .252 76 79 
Urethan 103.8 53.8 .258 88 80 
Urea 58.0 42.5 ,269 1.16 94 
Acetarnide 66.0 44.6 ,269 1.10 .96 
Acetonitrile 56.3 42.0 .283 1.23 1.26 
Pyridine 93.1 51.5 .261 0.93 0.58 
Antipyrine 230.8 77.0 ,247 .59 .54 
Trinitrobenzene 176.1 68 0 ,245 .66 69 

Carlson, Medd. Nobelinst., 2, 2 (1913). 
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aniline hydrochloride, trinitrobenzene and acetonitrile. A similar effect 
is noted with phthalic acid and salicylic aldehyde (Table VI). 

Because of the cumulative errors in experiment and theory, accurate 
generalizations concerning the abnormality factor A are difficult t o  formu- 
late. For a given substance, A2 is greater than A1;  that is, the abnor- e 

mality is more pronounced when the substance is the solvent than when 
it is the solute. Thtrs, methyl and ethyl alcohols have an -42 of 2.0, and 
an A1 in aqueous solution of only 1.2; acetone and nitrobenzene show an  
A2 of 1.15 and 1.35, respectively, but as diffusing substances are apparently 
nearly normal. The magnitude of Al is dependent to some extent on the 
solvent, as shown in Table X;  i t  is seen that the tendency is for A1 t o  in- 
crease as the Az for the solvent decreases, A l  being generally smallest in 
aqueous solution. Pyridinc, however, shows the opposite tendency. The 
usual behavior is in accord with the Nernst-Thomson rule,38 which is 
based on the diminution of molecular forces when the molecule is sur- 
roudded by a medium of high dielectric constant; as commonly expressed, 
good ionizing media, such as water, have high dielectric constants, while 
solvents with low constants favor association. Thus, intermolecular 
attractions will be weak, and Al  consequently low, when the solvent 
dielectric constant is high. 

TABLE X 

SOLUTE ABNORMALITY FACTORS (A,)  
Solute Water Methanol Ethyl alcohol Benzene 

Phenol 1.21 1.35 . . 1 .32  
Amy1 alcohol 1.16 I 29 1.31 1.29 
Hydroquinone 1.27 1.43 2.14 . . 
Chloral 1.33 1.40 1.53 . - 
Glycerin 1.25 1.65 2.15 . . 
Formic acid 1.32 1.53 . . 1.29 
Acetic acid 1.27 1.53 . . 1 . 3 8  
Acetamide 1.15 1.54 2.08 . . 
Pyridine 1.60 1 26 1.07 . . 

It is to be emphasized that much better correlation is obtainable by 
the use of the factors A l  and Az than by the use of an "association factor" 
as a multiplier for M and V in Equation 12, as would be required by the 
usual concept of the association of abnormal substances. For example, 
to fit the value of 1.22 for Clz in Table VIII, an association factor for water 
of 12.6 would be required-far higher than any such factor found hereto- 
fore by other methods; using this factor for bromoform (Table 111) gives 
a Dcalcd, of 0.68, with 0.85 observed, while for Hz (Table VIII) the calcu- 
lated value is 8.33, the observed average 5.13, and the value using our 
A factor, 5.34. Thus, granting the fundamental soundness of the present 
method of correlation, i t  appears that the hypothesis of molecular asso- 

38 Turner, "Molecular Association," Longmans, Green and Co., 1915, P. 42. 
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ciation is insufficient to explain the data. I n  this connection, i t  is note- 
worthy that Longines~u~~ has apparently abandoned the concept of an 
actual physical combination of molecules, replacing i t  by the idea of an ab- 
normally high "molecular concentration" in abnormal liquids. In the 
opinion of the present writer, all the anomalous properties of abnormal sub- 
stances are fully as readily explainable by the concept of an abnormally 
strong force field around the molecule as by the assumption of association. 

It is noteworthy that evidence of such association is usually very 
indirect, and that the several available methods for the quantitative 
estimation of degree of association give widely differing values of this 
quantity. I t  is hardly to be expected that such relationships as, for instance, 
the familiar Eotvos-Ramsay-Shields equation, will give a true value of 
molecular weight when the surface tension and critical temperature used in 
the equation are themselves abnormally high because of excessive inter- 
molecular attraction; attempts to balance the equation by assuming an ab- 
normal molecular weight can be productive of nothing more than empirical 
correlations, since a new, non-existent abnormality is assumed to com- 
pensate for the two existing ones. Similar criticisms may be applied to the 
related hypothesis of solvation. Inspection of Table I1 shows the absence 
of complications due to solvation, which is often assumed to be the cause 
of the diverse colors of iodine solutions. For instance, Hildebrand40 
has even determined equilibrium constants of solvation reactions from 
colorimetric data. It is evident that any actual attachment of solvent 
molecules to the diffusing iodine molecules would be shown by the failure 
of the diffusion equation to apply when the normal molecular weights 
and volumes are used. 

The variation of diffusivity with temperature has never received a 
thorough investigation over a wide range. It is usual to assume D a 
linear function of t, according to the Nernst equation 

D = Do(1 + bt) (15) 

where b is the usual temperature coefficient. This relation is sufficiently 
accurate over short ranges, but for wide variation in temperature D is 
not linear in t. The Stokes-Einstein equation provides the relation 

D T/Z (16) 

Cohen and Bruins,*l investigating the diffusion of acetylene tetrabromide 
in acetylene tetrachloride, found the relation to be true over the range 
0-50'; S ~ h e f f e r , ~ ~  for mannitol diffusing in water, verified i t  from 0 to 70'. 

Taking the logarithm of both sides of the last equation and differentiat- 
ing gives 

ae Longinescu, Chem. Reviews, 6 ,  351 (1929). 
Hildebrand, THIS JOURNAL, 42, 2180 (1920). 

'1 Cohen and Bruins, Z. physik. Chem., 103, 404 (1923). 
42 Scheffer, V.  Kon. Ak. Wet.  Amst., 19, 148 (1916). 
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I dD 1 1 dZ -- 
D ~ T - T - Z ~ T  

whence, by definition 
b = I/T - b. (18) 

where bb, is the corresponding temperature coefficient of viscosjty. Also 
if instead of using the Stokes-Einstein equation, we choose to express 
the variation of D solely in terms of the change in 2, let 

D = eZn (19) 
from which 

b = -nb. (20) 

To test these relations, we may use the data of Miller, over the range 
10-20'. In Table XI the first column shows values of b, calculated 
from the solvent viscosities. The second column gives values of b found 
from the Stokes-Einstein, relation, Equation 18, taking T to  correspond 
to 1 5 O ,  while the third column gives values of b from Equation 20, taking 
n as 312. The fourth column contains values of b given by the empiri- 
cal equation 

b = O.O2O(Zv'/~)'h (21) 

Z and v both being a t  20'. A study of this table indicates that the rela- 
tion last given is the most satisfactory, and the Stokes-Einstein the least, 
though all agree fairly well with the observed values. 

TABLE XI 
TEMPERATURE COEFFICIENTS (MILLER) 

Solvent -b.  Eq. 18 Eq. 20 Eq. 21 bobe. 

Benzene 0.0139 0.018 0.021 0.017 0.018 
Toluene .0113 ,015 .017 .016 .016 
Xylene .0113 .015 .017 .017 .017 
Anisole .0147 ,018 ,022 .021 .024 
Phenetole .015$ 019 .023 .023 ,023 
Bromobenzene ,0119 .016 .018 .019 .017 
Ethylene dibromide ,0144 .018 .022 .020 .020 
Acetylene tetrabromide .0333 .037 .050 .043 .041 
Chloroform .0084 .012 .013 .013 .013 
Carbon tetrachloride .0138 .018 .021 .017 .019 
Carbon disulfide .0071 ,011 .011 .011 .012 
Heptane .0108 .015 .016 .016 .016 
Ethyl acetate .0104 .014 .016 .014 .014 
Amy1 acetate .0140 .018 .021 .020 .021 
Methanol .0128 .017 .019 .017 .018 

A study of the temperature coefficients found by ~ h o l r n ~ ~  for diffusion 
in aqueous solution indicates that, like the factor F, b is (for diIute solu- 
tions) a function of the solvent properties only, converging to  a value of 
0.030 as solute concentration approaches zero. For concentrated solu- 
tions, b becomes greater or less than 0.030, depending on the nature of the 

" 'holm, 2. pkysik. C k m . ,  70, 378 (1910); Medd. Nobelinst., 2, 23, 24 (1913). 
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Z-c curve. For dilute solutions, since b is independent of solute nature, 
the relations deduced from Miller's data may be used for any diffusing 
substance. 

It is apparent from an inspection of the tables given that the theory 
here presented is still incomplete, and can make no claim to mathemati- 
cal exactness; nevertheless, the agreement with experiment is considerably 
better than any hitherto attained, and indicates that the method of ap- 
proach is fundamentally sound and practicable. We have now to con- 
sider the several causes to which the deviations noted may be attributed. 

Experimental errors in diffusion measurements are considerable, of the 
order of 5% for ordinary work, and undoubtedly are responsible for much 
of the disagreement. The use of a Kopp law V as representing the cube 
of the molecular diameter is open to some criticism; i t  has, however, 
been shown in the previous paper of this series that this volume corre- 
sponds closely with that calculated from gas viscosity, and is therefore 
probably satisfactory for diffusion calculations. The importance of errors 
in V is lessened by the fact that i t  appears in the equation for D as a cube 
root. The selection of 20' as a standard reference temperature is quite 
arbitrary, but in the absence of a more definite knowledge of the vari- 
ation of D with T, i t  seems advisable to choose a constant temperature 
near that used experimentally. The further development of the present 
theory will undoubtedly require the expression of F as a function of T; 
it is to  be noted that Equation 14 is correct only a t  20°, and does not 
completely express the variation of D with T. The factor F is analogous 
to the (1 + C/T)  of the Sutherland theory of gaseous diffusion, both 
representing the effect of intermolecular forces on diffusional resistance. 

The greater part of the observed discrepancy is probably traceable to 
three causes: (1) the assumption of binary, elastic collisions in a liquid 
system is inexact; (2) the van der Waals correction factor is not, as as- 
sumed, constant for all systems; (3) the functional relation between F 
and Z is not accurately given over a wide range by Equation 13.  Of 
these, (1) and (2) are not remediable except by further analysis of the 
problem, while (3) awaits further data on diffusion in viscous, high-boiling 
solvents. Further, neglect of the dependence of F on the solute nature 
introduces some error, comparable in magnitude with the experimental 
errors and hence not yet subject to  exact evaluation. It is also to  be 
mentioned that F may be a function of molecular volume as well as mo- 
lecular force, allowing for the mean free path shortening due to the space 
occupied by the molecules as well as that due to intermolecular attrac- 
tions. M a ~ l e o d ~ ~  has shown that liquid viscosity is very simply related 
t o  the free space within the liquid, while Equation 13 is seen to contain 
the solvent molecular volume as a variable affecting F. The more exact 

4 4  Macleod. Trans. Fnraday Snc., 19, 6 (1923); 21, 151 (1925). 
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evaluation of this factor, together with the applications of the principles 
above discussed, to the closely related problems of diffusion in mixed 
solvents, ionic mobility and the diffusion of electrolytes, will be considered 
in a later paper. 

The writer is indebted to Mr. James J. Hogan for his careful reading 
of the manuscript and his many helpful suggestions; to Professor Warren 
K. Lewis for his continued interest in the work; and to the host of ex- 
perimental investigators in this field during the past eighty years, whose 
contributions of painstaking and accurate work have made possible the 
present correlation. 

Summary 

The classical kinetic theory of gases has been applied to diffusion in 
liquid systems, assuming that the resistance to diffusion is due wholly to 
binary collisions, and that the mean free path shortening due to the volume 
occupied by the molecules is the same for all systems. Allowance is made 
for the retarding effect of intermolecular forces by introducing a factor 
F, which has been found empirically to be essentially independent of the 
nature of the diffusing substance and directly proportional to the square 
root of the solvent viscosity. "Associated" substances are found to  re- 
quire the use of abnormality factors in the expression for F; it is found 
that the usual hypothesis of molecular association is incapable of explain- 
ing the diffusional behavior of these substances, and that the related 
hypothesis of solvation of certain substances is unnecessary for good agree- 
ment with theory. The variation of diffusivity with temperature is dis- 
cussed, and several rules are given for the prediction of temperature 
coefficients. Comparison of the observed diffusion coefficients with those 
calculated from the theory shows good agreement over a wide range of 
molecular weights and viscosities; the sources of the deviations observed 
are discussed. 

CAMBRIDGE, MASSACHUSETTS 
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Introduction 
This investigation is a continuation of the researches on high temperature 

equilibria which have been carried out in this Laboratory.' The high 
pressure apparatus previously used in studying the equilibria between 
zirconium oxide and carbon,l" thorium oxide and carbon,'' and aluminum 
oxide and carbonld was employed. The method consists in electrically 
heating a small graphite tube furnace which contains the solid reaction 
mixture, determining the temperature by an optical pyrometer, and 
measuring the gas pressure on a mercury manometer. The measurements 
described in this article include the pressures of carbon monoxide in equi- 
librium with the solid phases TiOz, T i c  and C over the pressure range 0.8 to 
2.0 atmospheres and the temperature range 1000 to 1150°. The composi- 
tion of the solid reaction mixture was determined by x-ray powder photo- 
graphs. 

The authors wish to express their thanks to Dr. W. B. Hincke for his 
suggestions and interest in this work and to Mr. F. J. Ewing for his assist- 
ance in obtaining the x-ray photographs. 

Apparatus and Procedure 
The apparatus was substantially the same as that used in the previous high pressure 

 investigation^.''^^^^ A more convenient furnace assembly was used, however, which 
had been developed by Dr. Hincke and one of us during the course of the investigation 
(unpublished) of the calcium oxide-carbon equilibrium. As is shown in Fig. 1A the 
graphite furnace A was supported by tungsten leads which were, in turn, connected 
through flexible copper cable to the water-cooled copper tubes B and C which were 
held rigidly co-linear by attachment to the heavy rod D. Electrode B was held in place 
by a micarta insulating support E; electrode C was held by a similar brass support F 
fitted with a thumbscrew H. The pyrex furnace bulb was sealed to the electrodes a t  
G with sealing wax. A side tube with an inverted cup connection, also sealed with 
sealing wax, connected the furnace bulb with the manometer and auxiliary gas appa- 
ratus. Since the entire furnace was immersed in a water thermostat, it was necessary 
t o  protect the exposed sealing wax with paraffin. 

To  insert a furnace tube, the glass bulb was slipped over the lowered electrode C, 
which was then raised to allow the insertion of the furnace tube, after which thumbscrew 
H was tightened and the glass furnace bulb raised and sealed in position. It was found 

(a) Prescott, THIS JOURNAL, 48, 2534 (1926); (b) 50, 3327 (1928); (c) Prescott 
and Hicke,  ibd . ,  49,2744; (d) 2753 (1927); (e) 50,3228 (1928); (f) Phys. Rev., 31, 130 
(1928); (g)  Hincke and Brantley, THIS JOURNAL, 52, 48 (1930). 
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that the sealing wax seals were gas tight wen a t  two atxnospheres' pressure and a fur- 
nace temperature of 2000 OK. 

The furnace tubes, Fig. IB, were turned from Acheson graphite with a groove near 
each end to provide a central region of nearly uniform temperature within which the 
charge was held by graphite plugs. Two types of charge were used, one consisting Of 
T i c  and the other consisting of stoichiometric quantities of Ti02 and graphite. In 
each case the materials were ground 
to pass through a 200-mesh sieve. 
The T i c  was prepared by heating in 
vacuo an equimolal mixture of pow- 
dered titanium and graphite to a tem- 
perature (1950°K.) sufficiently high 
to volatilize any uncombined titanium 
metal. The Ti02 and the metal were 
Eimer and Amend c. P. preparations. 

When the charge consisted of 
Tic, the furnace was baked out in 
rcacuo a t  a high temperature, after 
which the temperature was lowered 
to 1275 to 1350°K., and the heating 
continued for six to seven hours with 
carbon monoxide present a t  a pressure 
of about two atmospheres. When the 
charge consisted of TiOz and graphite, 
the furnace was heated i n  aacuo at  a 
dull red heat for a few seconds. The B 
apparatus was then filled with carbon 
monoxide a t  a pressure of about two 
atmospheres and the furnace heated 
to about 1750°K. for half an hour to 
drive off adsorbed oxygen. The fur- 
nace was then evacuated and refilled 
with fresh carbon monoxide a t  the I I 

Fig. 1.-Furnace bulb and graphite furnace. desired pressure for the equilibrium 
measurements. It was found that under these conditions reaction mixtures were pro- 
duced which gave satisfactory rates of reaction for the equilibrium measurements. 

For preliminary work the furnace was heated by an alternating current from a low- 
voltage one-kilowatt transformer, but for the final measurements a direct current 
from storage batteries was used. To maintain a temperature of 1330°K. a current of 
about 70 amperes at  6 volts was required. 

The Equilibrium Measurements 
The equilibrium pressures were determined by measuring the rate of 

reaction (i. e., the rate of change of carbon monoxide pressure) a t  constant 
temperature for different pressures of carbon monoxide. By obtaining a 
series of both forward and reverse rates with the same furnace charge, the 
equilibrium pressure was found graphically as the pressure corresponding 
to zero rate. Typical graphs are shown in Figs. 2 and 3. In Fig. 2 are 
shown the carbon monoxide pressures plotted as ordinates against the time 
as abscissas for six successive runs a t  the temperature 1278OK. with dif- 
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ferent initial carbon monoxide pressures. For each run the average rate of 
pressure change was determined, rejecting values which were obtained 
during the first thirty to forty minutes of the run when the system was 
attaining equilibrium. These six rates are shown as ordinates in Fig. 3 

Reaction 
Pressure, rate 

cm. (cm. X 108/- 
min.) 

120.2 -2.360 

Time, minutes. 
Fig. 2.-Change of pressure with time during a typical experiment (127g°K.). 

with the average pressure during the run as abscissas. The intersection 
with the zero rate ordinate of the best straight line through these points 
shows the equilibrium pressure to be 60.5 cm. a t  this temperature. 

Six sets of runs of this kind were made over the temperature range 1278 
t o  142g°K. and pressure range from a few centimeters to two atmospheres. 
In some cases the initial furnace charge consisted of Ti02 and C, and in 
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other cases of Tic. The equilibrium pressures and corresponding tem- 
peratures are given in Table I, where 8 is the observed temperature and T 
is the true temperature after corrections have been made for the trans- 
mission of the window and the emissivity of carbon as in the previous work. 

Fig. :(.-Change of reaction rate with pressure for a typical experi- 
ment (1278°K.) ; equilibrium pressure = 60.5 cm. 

In Fig. 4 the logarithms of the equilibrium pressures are shown plotted 
against the reciprocals of the absolute temperatures, and i t  will be seen 
that all of the points fall upon a straight line within the experimental error. 

I / T  x lo4. 
Fig. 4.-Relation between absolute temperature and equilibrium 

pressure of CO; circles. furnace charge initially consisted of TiOs 
+ C; triangles, furnace charge initially consisted of T ic .  

The relation between the equilibrium pressures and absolute temperature 
is given by the equation 

log,of+,,,. = 3.829 - 5024/T 

A furnace charge was never used for more than two, and usually for only 
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one, equilibrium pressure determinations. One run was attempted a t  
1246OK.. but the reaction rates were too slow to measure accurately. 

The dissociation of carbon monoxide into carbon dioxide and carbon is ap- 
preciable in this temperature range, being approximately 0.6% a t  127S°K. 
and 0.1% at 1428OK. It is well known, however, that equilibrium is 
attained only very slowly. In blank experiments, using an entirely empty 
graphite furnace a t  temperatures, with carbon monoxide pressures, and 
over time intervals similar to those used in the equilibrium measurements, 
no measurable rates were observed, showing that the carbon monoxide 
dissociation could be entirely neglected. 

EQUILIBRIUM PRESSURES AND FREE ENERGIES AT VARIOUS TEMPERATURES 
0, OK T, OK. 1/T X 10' fi (atm.) Logtap (atm.) A F  (cal.) 

1250 1278 7.825 0.796 -0.0991 +I158 
1293 1323 7.559 1.081 +O .0338 - 409 
1294 1324 7.553 1.114 .0469 - 568 
1318 1349 7.413 1.216 .0849 - 1047 
1355 1386 7.215 1.634 .2133 -2703 
1393 1428 7.003 1.995 .2999 -3916 

The Nature of the Solid Phases 
T o  determine the nature of the solid phases an analytical method was 

attempted, but the small quantities of materials available and the lack of 
information regarding the chemistry of the lower oxides of titanium led to  
the abandonment of this method. X-Ray powder photographs were 
finally taken of the reaction mixtures and of the various substances, 
namely, TiOz (both the rutile and brookite modifications), Tic ,  graphite, 
T i  metal and TiO, whose presence would be suspected in the reaction mix- 
tures. The T i0  was prepared by heating in the graphite furnace to 1775OK. 
for half an hour in vacuo a mixture of finely ground Ti02 and Ti in 
approximately stoichiometric proportions. The work of Billy2 has shown 
that  T i 0  is formed under these conditions, although perhaps there may be 
some uncombined Ti02 or Ti as well. The diameters of the rings (i. e. ,  
the distances between corresponding lines on either side of the position of 
zero deflection) obtained on the eight photographs are represented in Fig. 5. 
Photographs were taken of two reaction mixtures, one (Fig. 5a) in which 
the initial charge was Ti02 and graphite, and one (Fig. 5b) in which the 
initial charge was Tic .  

The results of this investigation showed that the solid phases in the re- 
action mixture were Ti02 (rutile modification), T i c  and graphite. Me- . 
tallic titanium, the brookite modification of TiOl, and the lower oxide T i 0  
were definitely shown to be absent. 

Billy, Ann. Chim., 16,23 (1921). 
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Thermodynamic Calculations 
From the results of the x-ray investigation the equilibrium studied is 

undoubtedly that expressed by the equation 
Ti02 + 3C = Tic + 2CO 

The value of AF, the free energy increase attending this reaction, may be 
derived from the thermodynamic equation A F  = -RT In K, where K = 
P2. The values of A F  corresponding to the equilibrium pressures a t  
various temperatures are given in the last column of Table I. 

A, Furnace charge. 
initially TiOt + C 

I 

B, Furnace charge. 

H, Ti0 
I 1  1 ,  $ 1 1  1 1 1  1 1, 

0 2 4 6 8 10 
Diameter of rings, cm. 

Fig. 5.-Results of x-ray powder photographs. 

* 1 

I 

u .- 
B u .s 

From the expression for loglo P given in the previous section, the relation 
AF = 45,930-35.01T 

may be obtained for the temperature range 1278 to 1428OK. From this it 
follows that the increase in heat content, AH, is 45,930 calories. At 
1312OK. the free energy is zero and the equilibrium pressure is one atmos- 
phere. 

Summary 
Determinations have been made of the equilibrium pressures of carbon 

I I t  . . I .  

initially T i c  
I I 

monoxide for the reaction 
TiO, + 3C = TIC + 2C0 

C,  Tic 

I 1 1  I 1 1 1  I 

D, C (graphite) 
. I I I I 
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in the temperature range 1278 to 142B°K. The solid phases were identified 
by x-ray powder photographs. 

Within this temperature range the increases in free energy and heat con- 
tent that attend this reaction at  one atmosphere pressure were found to be 
given by the expression A F  = 45,930 - 35.01 T calories and A H  = 45,930 
calories. The equilibrium pressure is one atmosphere at  1312OK. 

PASADENA, CALIFORNIA 

[CONTRIBUTION PROM THE RESEARCH LABORATORY OF INORGANIC CHEMISTRY, 
MASSACHUSETTS INSTITUTE OF TECHNOLOGY, NO. 61 

THE EFFECT OF ADDED SALTS UPON THE SOLUBILITY OF 
OTHER SALTS IN ETHYL ALCOHOL 

Introduction 
The measurement of the relative solubility of a salt in a pure solvent 

and in the presence of other salts gives a ready measure of the change of 
potential or of the activity coefficient of the saturating salt These changes 
should be quantitatively accounted for by any adequate theory of solu- 
tions. The inter-ionic theory of Debye and Hiickell has achieved con- 
siderable success in describing the properties of strong electrolytes, par- 
ticularly in aqueous solutions. As the inter-ionic forces vary inversely 
with the dielectric constant of the solvent, we may expect a more sensi- 
tive test of the theory in the case of solvents of lower dielectric constant. 
The number of investigations in non-aqueous solutions by which the 
theory may be tested is small. Solubility measurements have been made 
in methyl alcohol by WilliamsJ2 in ethyl alcohol by King and Partingtoqs 
in acetone by Robinson4 and by Kraus and Seward? in isopropyl alcohol 
by Kraus and Seward? and in ethyl alcohol-water mixtures by Hansen 
and William~.~ These measurements indicate that marked deviations 
from the original Debye-Hiickel approximation are found in aqueous and 
methyl alcohol solutions only in the case of higher valence salts. La Mer 
and Mason7 have discussed these deviations. In solvents of lower dielectric 
constant, however, marked deviations have been observed in the case of 
univalent salts even in the most dilute solutions. 

The present investigation consists of the determination of the solubility 
1 Debye and Hiickel. Physik. 2.. 24, 185 (1923). 
2 Williams, THIS JOURNAL, 51, 1112 (1929). 
"ing and Partington, Trans. Faraday Soc., 23, 622 (1927). 

Robinson, J. Phys. Chem., 32, 1089 (1928). 
Kraus and Seward, ibid., 32, 1294 (1928). 
Hansen and Williams, THIS JOURNAL, 52, 2759 (1930). 
La Mer and Mason, aid., 49, 410 (1927). 
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of potassium chloride in ethyl alcohol in the presence of ammonium ni- 
trate; the solubility of potassium perchlorate in ethyl alcohol in the presence 
of ammonium nitrate, ammonium perchlorate and ammonium iodide; 
the solubility of barium nitrate in ethyl alcohol in the presence of ammo- 
nium bromide; and the comparison of the results with those predicted by 
the inter-ionic attraction theory. 

As the inter-ionic relations should be most simple in dilute solutions, 
it is of importance to select salts, the saturated solutions of which are the 
most dilute in which their solubility may be determined with a reasonable 
degree of accuracy. The selection of the salts used as saturating salts 
was therefore determined by this consideration and that of their analyti- 
cal determination. For the added or solvent salt one which was considera- 
bly more soluble and did not interfere with the analysis was selected 

Preparation of Materials.-Part of the solvent used was 92% ethyl alcohol de- 
hydrated with lime by the method recommended by W. A. Noyes;$ part was a commer- 
cial anhydrous alcohol which was given one treatment with lime and subsequent dis- 
tillation. Both samples had a density of 0.7852 at 25O. 

The salts used were the purest available, further purified by recrystallization and 
carefully dried. 

Determination of Solubilities.-The method was that used by Kraus and Seward.6 
A quantity of solvent containing a known amount of the added salt was agitated with an 
excess of the saturating salt until equilibrium was reached and the concentration of the 
saturating salt in the resulting solution determined analytically. About five grams- 
a large excess-of finely ground saturating salt was introduced into a cylindrical bottle 
having a length of approximately 38 cm., a diameter of 10 em., and a capacity of 3 liters. 
A known weight of the second salt was then introduced into the bottle and a known 
weight, 1.5 to 2 liters, of pure solvent added. 

The bottles were provided with narrow necks and closed with ground stoppers 
which were covered by rubber caps when in use. Four bottles were rotated a t  one time 
in a horizontal position in a water thermostat. The bottles were rotated initially for 
sixteen hours a t  a temperature of 28-30", after which the temperature was lowered to 
25 * 0.01" and the rotation continued for six hours. The bottles were then set upright 
without being removed from the thermostat and allowed to settle for four hours or more. 
Two samples of 500 cc. or more were then removed from each bottle and the amounts of 
solution determined by weighing in glass-stoppered Erlenmeyer flasks. The solvent 
was then removed by distillation and the residue containing the salts transferred to a 
beaker or small dish. The amount of the saturating salt was then determined gravi- 
metrically in all cases. With potassium chloride as the saturating salt the chloride was 
determined by weighing as silver chloride in a Gooch crucible. With potassium per- 
chlorate as the saturating salt, the potassium was determined as potassium sulfate by 
adding an excess of sulfuric acid to the residue left by distillation of the solution after 
transferring it to a silica or platinum dish and heating to constant weight. This method 
was tested with known mixtures of potassium perchlorate with ammonium salts and 
found to be sufficiently accurate. The solubility of barium nitrate was determined by 
weighing the barium as barium sulfate. Due to the very slight solubility of the nitrate 
and consequent small weight of barium sulfate, the analyses were not very satisfactory. 
The mean values obtained, however, lie on a fairly smooth curve. 
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Experimental Results 
The solubilities of the dierent saturating salts in solutions with known 

amounts of a second salt are shown in the tables. All concentrations are 
expressed in moles per liter. The density of the pure solvent was used 
in calculating the concentrations. In addition, for the purpose of com- 

Concn. NH4NO1 Concn. KC1 (anal.) Concn. KC1 (mean) 
X 10' X 10" X 10' - 1/2 log P d P i  

0.0000 
.0024 
.0045 
.0295 
.0775 
.2082 
.3665 
.4534 
.5540 

SOLUBILITY OF POTASSIUM PERCHLORATE IN THE PRESENCE OF AMMONIUM SALTS IN 
ETHYL ALCOHOL AT 25 

(a) Added Salt Ammonium Nitrate 

Concn. N&I 
X 10' 

Conen. KC104 (anal.) Concn. KC104 (mean) - x i@ x 104 - i j 2  iog Pid'P, 

(b) Added Salt Ammonium Perchlorate 

5.669 5.640 5.654 0.0000 
4.910 5.048 4.979 .0252 
4.088 4.087 4.087 .0425 
3.288 3.215 3.251 .0690 
2.563 2.510 2.536 .lo05 

(c) Added Salt Ammonium Iodide 
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SOLUBILITY O F  BARIDB~ NITRATE IN THE PRESENCE OP A M M O N I ~  BROMDE IN ETHYL 
ALCOHOL AT 25' 

Concn. NH+Br Concn. Ba(NOs)t (anal.) Concn. Ba(NOs)s (mean) 
X 108 X 106 X 10s -1/S log PidPi 4~ X 1 0 2  

0 .0  0.91 1.07 0.99 0.0000 0.55 
20.3 1.43 1.43 1.43 .I597 1.56 
33.0 1.61 1.79 1.70 .2348 1.95 
65.8 2.39 1.81 2.10 .3266 2.68 

paring with the theory, the square roots of the ionic strengths and the 
calculated values of - I/? log Pi,/Pi are given. In the case of the bi- 
univalent salt, barium nitrate, the function used is - l / 3  log Pio/Pi. 

Discussion 

The results in general resemble those in other solvents: there is a uni- 
form increase in solubility on the addition of a salt without a common 
ion and a decrease on the addition of a salt with a common ion. 

The Debye-Hiickel theory leads to the equation 

for ethyl alcohol a t  25O, where f is the activity coefficient of the salt, Z, 
and Zz are the valences of the ions, a is the average ion diameter and 
p the ionic strength. Inasmuch as, for a uni-univalent salt 

-log f = - 1/2 log Pr,/P* - log fo (2) 

where the quantity Pi indicates the product of the ion concentrations of 
the salt, Pi, indicates this product for the salt in the pure solvent, and 
fo, the activity coefficient of the salt in the pure solvent, is a constant, 
the values of - 1/2 log Pi,/Pi plotted against the square root of the ionic 
strengths should give a curve which is very nearly a straight line with a 
slope of 2.72 for dilute solutions. 

Figures 1 and 2 show how the curves from the solubility measurements 
compare with the limiting line from Equation 1. 

Examination of these curves shows considerable deviation from the 
Debye-Huckel limiting slope. The experimental curves all have a greater 
slope than the theoretical. This could be accounted for only by assuming 
negative values of a in (1). The relative deviations from the Debye- 
Huckel limiting slope are slightly less in the potassium perchlorate solu- 
tions than in the potassium chloride solutions where the concentrations 
are somewhat greater. Comparison of the curves with those obtained 
for similar solutions in isopropyl alcohol and acetone by Kraus and Seward6 
shows that the relative deviations from the theoretical limiting slope are 
much less in ethyl alcohol solutions than in isopropyl alcohol and acetone. 

It has been pointed out that the treatment of Debye and Hackel in 
arriving at Equation 1 involves certain approximations which cause con- 
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siderable error with ions of higher valence in water and even with uni- 
valent ions in solvents of low dielectric constant. Gronwall, La Mer 

V'P. 

Fig. I.--KC1 + NH&OI. 

and Sandved
g 

by calculating the influence of the neglected higher terms of 
the Debye-Hiickel equation have derived corrections to account for such 
deviations as those observed. Bjerrum,l0 by calculating the probability 

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 - 
%'P. 

Fig. 2.-0, KC104 + NH4ClO4; X, KC104 + NHiN03; 
A, Kc104 + NH41. 

of the existence of associated ion pairs and treating them as uncharged, 
was able to explain such deviations while giving reasonable values for ion 

* Gronwall, La Mer and Sandved, Physik. Z., 29, 358 (1928). 
lo Bjerrum, Det. Kgl. Danske Videnskab Selskab, Math.-fys. Medd., [9] 7 , l  (1926). 
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diameters. Both the treatment of Gronwall, La Mer and Sandved and 
that of Bjerrum lead to the same conclusion, namely, that deviations 
from the Debye-Hiickel limiting slope are to be expected in solutions 
of lower dielectric constant even in very dilute solutions and the smaller 
the average ion diameter the greater the positive deviation from the limit- 
ing slope. 

By applying the results of Bjerrum's calculations a value of 2.5 A. 
is obtained for the average ion diameter in the potassium perchlorate- 
ammonium nitrate mixtures in ethyl alcohol. This appears to be a reason- 
able value. Moreover, taking different points on the curve, the average 
diameters obtained are fairly constant. 

Summary 
The solubilities of potassium chloride, potassium perchlorate and barium 

nitrate in the presence of other salts in ethyl alcohol have been measured 
and the results compared with those predicted by the inter-ionic attrac- 
tion theory. 

While the solubility results in ethyl alcohol show marked deviations 
from those predicted on the basis of the original Debye-Hiickel approxi- 
mation, they seem to be, qualitatively at least, in agreement with the 
inter-ionic attraction theory as developed by GronwaI1, La Mer and 
Sandved or by Bjerrum. 

CAMBRIDGE, MASSACHUSETTS 

[CONTRIBUTION FROM THR CHEMICAL LABORATORY OF TRE UNIVERSITY OF CALIFORNIA] 

THE FREE ENERGY OF STANNOUS HYDROXYL CHLORIDE AND 
THE ACTIVITY COEFFICIENT OF STANNOUS 

CHLORIDE AND STANNOUS ION 
BY MERLE RANDALL AND SENZO MURAKAMX 

R S C E ~ D  SEPTEMBER 2, 1930 PUBLI~HED OCTOBER 6, 1930 

The hydrolysis product of stannous ion is the basic stannous hydroxyl 
chloride SnOHC1.H20, which is a stable white insoluble solid.' The 
determination of the equilibrium of the hydrolysis reaction 
Sn+++ C1-+ 2H~0(1) = SnOHCl.HaO(s) + H+; K,,, = m(Hf)/m(Sn++)m(Ci-) (1) 

enables us, by combination with the known free energies of the other sub- 
stances occuring in Equation 1, to determine the free energy of the solid 
hydrolysis product. Furthermore, from the rather unusual way in which 
the activity coefficients of H+ and C1- occur in the expression for the 
equilibrium constant, the individual activity coefficient of the stannous ion 

The simplest formula of the basic salt is used. The amount of hydration is 
uncertain. See (a) Proust, J .  Phys., 61, 33% (1804); Ann. chim., 28, 213 (1798); (b) 
Davy, Trans. Roy. Soc. (London), 102A, 169 (1912); (c) Ditte, Comfit. rend., 94, 792, 
1114 (1582); Ann. chim., [5] 27, 145 (1882); Comfit, rend., 97,42 (1883). 
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is obtained by means of assumptions which are less uncertain than those 
usually employed. 

The Solubility of Stannous Hydroxyl Chloride in Aqueous Hydro- 
chloric Acid at 2S0.-The stannous hydroxyl chloride was prepared in 
two ways. (1) In the first series of experiments an approximately 
0.5 M solution of stannous chloride was prepared by dissolving c. P. SnCls-2- 
H20 in conductivity water with the addition of just enough c. P. hydro- 
chloric acid (0.006-0.008 M) to give a clear solution. Pure metallic tin 
was then added. The air was displaced and the solution agitated by a 
stream of pure nitrogen which was bubbled through. The solution was 
then added, in the absence of air, to a large volume of air-free conductivity 
water. The precipitate formed was washed several times by decantation 
with air-free water. The suspension of the solid in water was used for the 
solubility experiments. (2) In the remaining experiments the stock solution 
of acid stannous chloride was precipitated by adding an air-free solution of 
sodium chloride and hydroxide, the chloride being in large excess. The pre- 
cipitate was washed free from sodium ion by decantation, as before. On 
analysis our salt corresponded to the formula SnOHCl.(1.00 * 0.Ol)HzO. 

P- portion of the paste containing abaut 10 g. of the solid phase was trans- 
ferred, in the absence of air, to a 250-1111. pyrex distilling flask body which 
had been swept free of air by nitrogen. Dilute air-free hydrochloric acid 

Log 
Days Ratio 1/3Log y(SnClt) 

Expt. rotated Sn++ C1 H+ Log K m  P'/* HCI/SSICI~ K m  + const. 
1 4 0.02968 0.14020 0.08124 1.289 0.411 2.23 0.430 0.3511 
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solution or water was added, the flasks were sealed and rotated in the ther- 
mostat a t  25 .t 0.02." 

After the time of rotation indicated in Col. 2 of Table I, the solution was 
filteredZ and analyzed (moles per 1000 g. of water in vacuum). The 
stannous-ion constituent (Col. 3) was determined by titration with po- 
tassium permanganate solution. Dilute nitric acid was added to give a 
sufficient hydrogen-ion for the titration. After titration the 
chloride-ion constituent (Col. 4) 
was determined as silver chlo- 
ride by precipitation The hy- 2.60 
drogen-ion constituent was de- 
termined by difference. I n  
Expts. 7 to 13 in which the 
stannous ion was very small 

2.20 
the hydrogen-ion constituent 
was determined by titration 
with sodium hydroxide solution 5 
(phenolphthalein indicator) and 3 1 . ~ 0  
chloride-ion cons t i tuen t  was 
taken equal to twice the stan- 
nous ion plus the hydrogen-ion 
constituent. 1.40 

In plotting Fig 1, the scale 
of the square root of the ionic 
strength (Cot. 7) was made the 
same, and the scale of log K 1.00 

0 0.2 0.1 0.6 
(Equation 1, Col. 6) was made Square root of ionic strength. 
one-fourth that of Fig. 2 of Fig. 1.-Sn++ $ C1- + 2H,0(1) = 
Randall and Vietti,2 for the SnOHCl.HtO(s) + H+(2j0). 
following reason. If we again 
consider Equation 1, the expression for the equilibrium constant is 

K = mr(H+)/my(Sn++)mr(C1-) (2) 

The individual activity coefficient of H+ is very nearly the same as that  of 
C1-, especially in the more dilute solutions. Furthermore, we should 
expect the activity coefficient of these ions to be more nearly alike in mix- 
tures with stannous ion, and in the presence of the large excess of chloride 
ion.3 We also find as a consequence of the Debye-Hiickel treatment of 
dilute solutions that a t  near zero r n ~ l a l i t y ~ . ~  

See Randall and Vietti, T ~ r s  JOURNAL, 50, 1526 (1928). 
(a) Bronsted, ibid., 44, 938 (1922); (b) ibid., 45, 2898 (1923); (c) Brijnsted 

and La Mer, ibid., 46, 555 (1924); (d) see Randall and Breckenridge. ibzd., 49, 1435 
(1927). 

' Debye and Hiickei, Physik. Z., 24, 185 (1923). 
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log y - -z~Apl /~  = -z1z2Ar'/: (3) 

where z is the valence of an ion, A is a constant = 0.503 at 25O, and p is the 
ionic strength. In the case of the mean activity coefficient z2 is replaced by 
2 for uni-bivalent salts. In order, therefore, to have the ~ilot of the 
logarithm of the activity coefficient of a bivalent ion, or its value plus a 
constant superimpose on our standard plot, we must make the scale one- 
fourth that of a univalent salt. By comparison with the standard curves2 
we find log K = 2.75, or 

Sn++ + CI- + 2H20(1) = SnOHCI.H20(s) + H+; AF0293., = -3750 cal. (4) 

Using the values of the free energy of chloride ion given by Randall and 
Young5 and the value of -6276 cal. for the free energy of stannous iona 

we find for the free energy of formation of stannous hydroxyl chloride 
Sn(s) + '/zClz(g) 4- ll/zHz(g) + Odg) = SnOHCl.H20(s); 

A F ~ ~ ~ ~ . ~  = -154,491 cal. (5) 

If we assume the individual-ion activity coefficients given by Lewis and 
RandallJ6 we find a t  four molalities the values for log y (Sn++) + log K 
indicated on the dotted curve. The values of the activity coefficient of 
stannous ion found by subtracting log K from the values of log Km are, 
however, probably more nearly the corned values than those found by 
using the individual-ion activities which are based on the values in pure 
hydrochloric acid. The values of the activity coefficient of stannous ion 
are smaller than those of the alkali earth bivalent ions. 

We may also write Equation 1 in the form 
Sn++ + 2C1- + 2H20(1) = SnOHCl.H20(s) + H+ + C1-; 

K = my(H+)my(Cl-)/my(Sn++)may'(C1-) (6) 

where the numerical value of K is obviously identical with that in Equation 
1. We may also write 

log K = log K,,, + log yZ, (HCl) - log 73, (SnCI1) 

whence, rearranging 
log y ,  (SnCl2) + log K = l/a log K, + log y ,  (HCI) (7) 

TABLE I1 
ACTIVITY COEFFICIENT OF STANNOUS CFILORIDE AND OF STANNOUS ION 

m Log y , (Sn++) y i (Sn++) Log y + (SnCIz) r i (SnClz) 

0.0001 -0.074 0.843 -0.028 0.938 
.0010 - .234 .583 - .092 .809 
.0025 - .366 .431 - .I45 .716 
.0050 - .518 .303 - .205 ,624 
.01 - .726 .I88 - ,291 .512 
.02 -1.002 .0995 - .400 .398 
.05 -1.394 .0404 - .548 .283 
.lo00 -1.554 .0279 - .633 .233 

See Randall and Young, TArs JOURNAL; 50,989 (1928). 
Lewis and Randall, "Thermodynamics and the Free Energy of Chemical Sub- 

stances." McGraw-Hi1 Book CQ., New York and London, 1923. 
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The values of log y, (SnC12) given by this procedure will be those in the 
presence of hydrochloric acid, and the values of log r,(HCl) which should 
be iised are those in the presence of stannous chloride, We give in Table I 
along with the values of '/a log K, (Col. 9), the values for the ratio of the 
molality of the hydrochloric 
acid to that of stannous chlo- 1.01 7 
ride, and the values of l / 3  log . 
Km + '/a log ./,(HCl) = log T y,(SnCla) + const., where the - 0.8 
value of ya log 7,  (HCI) is + 5 
taken from the curves of Ran- , $ 
dall and Breckenridge in mix- + 

2. bm 
tures of hydrochloric acid and , 0-6 

barium chloride at  the same 2;- 
ratio and same ionic strength. 3 + 
This approximation is not en- 5 4 
tirely justified as the stannous g 0.4 
chloride is a "weaker" salt r-l 

than barium chloride, but the 5 
approximation is better than 
taking the activity coefficient 0.2 

0 0.2 0.4 0.6 
in pure hydrochloric acid. The Square root of ionic strength. 
values of '/a log K,  and of Fig. 2.-Sn++ + 2C1' + 2H20(1) = 
'/s log Km + 2/8 10g y*(HCl) Sn0HCl.H~0(s) + H+ + C1-(25'). 
are plotted against in Fig. 2 
and lead to an extrapolated value of '/a log K which is identical with l/S log 
K, as was found from Fig. 1. The values of log r,(Sn++) and of log 
y,(SnC12) at  round molalities, as determined by substituting log K in 
Equations 2 and 7, are given in Table 11. 

Summary 

The equilibrium in the hydrolysis of stannous chloride has been measured 
a t  2 5 O .  The free energy of the solid stannous hyclroxyl chloride and the 
activity coefficient of stannous chloride and of stannous ion have been 
calculated, 

BERKELEY, CALIFORNIA 
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NOTES 
The Molecular Diameters of Nitrogen Pentoxide.-Eyring and Van 

Valkenburgh' have just published a determination of the viscosity of nitro- 
gen pentoxide; from this viscosity they calculate a molecular diameter of 
8.53 X lo4 cm. I should like t o  make a few comments on the applica- 
tion of this value to reaction rate calculations. It is common to  all modern 
theories of unimolecular reaction that the rate of production of activated 
molecules is calculated by assuming that i t  is equal to the rate a t  which these 
activated molecules would enter into collision if they were present a t  the 
Maxwell-Boltzmann equilibrium concentration. In this usage a collision 
is an interaction which leads to  a redistribution of internal energy; the 
diameter which is appropriate to the calculation of the number of such 
collisions isnot the ordinary kinetic theory diameter, though i t  must be of the 
same order of magnitude, if grave difficulties are to be avoided. Thus the 
8.53 X cm. of Eyring and Van Valkenburgh is of no dircct significance 
for the theory of the unimolecular decomposition of nitrogen pentoxide. 

The statement of Zyring and Van Valkenburgh that recent calculations2 

show that a diameter of 6 X cm. must be used to  obtain sufficient 
activations is hardly correct. When these calculations were made, three 
years ago, they referred to the particular form of theory proposed by 
Fowler and Rideal.3 Since that time more satisfactory theories have been 
proposed, and also considerable new work has been done on the actual 
measurement of the reaction rate a t  low  pressure^.^ It now appears that 
the true homogeneous reaction rate falls off to half its high-pressure value 
a t  about 0.005 mm. Reference to the calculations made by the writer6 
before these new data were available shows that, on one particular form 
of theory, they may be accounted for by using a diameter of about 17 X 

cm., which must be considered a permissible value. The details of 
the theory are so uncertain that one cannot assert the true diameter for 
collisional deactivation to be greater than that determined by Eyring and 
Van Valkenburgh; there is, however, no reason why it should not be. 

CONTRIBUTION FROM THE LOUIS S. KASSEL~ 
GATE$ CHEMICAL LABORATORY 
CALIFORNIA INSTITUTE OF TECHNOLOGY 
PASADENA, CALIFORNLA 

Eyring and Van Valkenburgh, Tars JOURNAL. 52,2619 (1930). 
' Tolman, Yost and Dickinson, PIOC. Nut. Acad. Sci., 13, 188 (1927); B. Lewis, 

Science. 66,331 (1927). 
a Fowler and Rideal, PYOC. Roy. SOL. (London), 113A, 570 (1927). 

Ramsperger, Nordberg and Tolman, Proc. Nut. Acad. Sci., 15, 453 (1929); 
Ramsperger and Tolman, ibid., 16, 6 (1930); Schumacher and Sprenger, ibzd., 16, 
129 (1930); Hibben, J. Phys. Chem., 24,1387 (1930). 

Kassel, ibid., 32, 1065 (1928). 
6 National Research Fellow. 
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Rote on Bimolecular Reactions.-In homogeneous bimolecular re- 
actions, integration of the two velocity expressions, &/dt = k(a - z)~,  
when the two reacting molecules are alike or of the same initial concen- 
trations, and &/dt = k(a - x) (b  - x ) ,  when the reacting molecules are 
unlike, leads to the following familiar equations 

where the symbols have their usual significance. I t  is a physical necessity 
that expression (2) reduce to (1) if b = a. Yet it is obvious that (2) 
assumes the form 0/0 when b = a. 

I t  has been shown in several places1 that (2) does become equal to  (1) 
under this condition, by expanding the logarithm term in (2) in series and 
evaluating the resulting expression. However, the methods quoted re- 
quire a page or more of mathematical simplification to obtain the desired 
result. On the other hand, making use of the customary way of evaluating 
0/0, we have been able to find in a very simple manncr the limiting value of 
the ratio as b - a, and from this to show the identity of the two ex- 
pressions. It proves to be a rather interesting situation, and since it does 
not appear in any of the ordinary textbooks on the subject, we thought that 
it might be worth while to pass it on. 

From (2) 
log b + log (a - x )  - log a - log ( b  - x )  - 0 k = - - 

t(a - b) 0 

when b = a. Now since this would be 0/0 for all finite values of x and t, 
for our purpose we may treat these as constants and take 

Treating b as the variable, and differentiating numerator and denominator 
separately2 we geta 

1 1  - - -  
b b - x  

See, for example, Nernst and Schonfliess, "Einfiihrung in die mathematische 
Behandlung der Natunvissenschaften," Oldenbourg, Munich. 1923, p. 262 et seq.; - Taylor. "Treatise on Physical Chemistry," D. van Nostrand Company, New York, 
1925, p. 809. 

See any standard calculus book for explanation of rule to evaluate 0/0, such 
as Wilson, "Advanced Calculus." Ginn and Co., 1921, p. 61, or Love, "Calculus," 
The Macmillan Company, 1921, p. 204. 

8 Although b was constant in the original differential equation, we are considering 
here the special case when b * a, that is, variation in b's value. 
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and on simplifying = x/tb(b - x ) .  This, of course, when b = a, becomes 
x/ta(a - x )  , which is expression (1). 

CONTRIBUTION FROM THE 
GEORGIA SCHOOL OF TECHNOLOGY 

ATLANTA, GEORGIA 

RECEIVED JULY 22, 1930 
PUBLISHED OCTOBER 6, 1930 

[CONTRIBUTION FROM THE: CHEMICAL LABORATORY OF K~TASATO INSTITUTE] 

THE SKRAUP REACTION WITH CERTAIN AZO COMPOUNDS 
BY KONOMU MATSUMURA 

In the course of an investigation of the possible explanation of the reac- 
tion mechanism of the formation of p-phenanthroline in the Skraup re- 
action with p-aminoresorcin dimethyl ether, p-benzene-azo-resorcin di- 
methyl ether was subjected to the Skraup reaction and the product was 
found unexpectedly to be also p-phenanthroline; the yield in this case was 
three times as good as in the same reaction with p-aminoresorcin dimethyl 
e+&er. The formation of p-phenanthroline was also established, in the 
same way, from p-benzene-azo-resorcin, whereas from p-aminoresorcin, 
no crystalline matter could be isolated, on working under the same condi- 
tions. 

From these facts it seemed that in case of the Skraup reaction with rather 
unstable amines, better results might follow if the corresponding azo com- 
pounds were used as reactants: and here I have extended this study to 
several azo compounds. 

Concerning the study of the Skraup reaction with azo compounds, work 
has been reported by Claus and Stegelitzl and later by Lellmann and 
L i p ~ e r t . ~  They established the formation of the corresponding ring 
compounds in this reaction, but the yield in each case was reported to be 
very poor. In the present investigation the reactions were carried out with 
the addition of arsenic acid, this being the only difference from the methods 
of previous investigations. 

Yield, g. 
Reactants Products Presence of &As04 Absence of HtAn01 

0.65 Azobenzene, 10 g. Quinoline picrate 0.5 
6,B'-Diquinolyl 5.7 1 .2  

p-Benzene-azo-resorcin Quinoline 2.0-2.6 1 .4  
dimethyl ether FPhenanthroline 1.35-1.6 0.3 

1 Claus and Stegelitz, Ber., 17, 2380 (1884). 
a Lellmann and Lippert, iW., 24,2623 (1891). 
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First of all, in order to find the influence of the presence of arsenic acid in 
the reaction, the following two pairs of experiments were performed for the 
sake of comparison, with the result that, in the Skraup reaction with azo 
compounds, the presence of arsenic acid gave far bettex yields (Table I). 

In view of this fact, i t  seems that the action of arsenic acid in the Skraup 
reaction may be other than i t  has previously been thought t o  be. I n  the 
Skraup reaction with p-amino-azobenzene, p-phenanthroline could he 
isolated in a satisfactory yield in accordance with the scheme 

'i'he preparation of p-phenanthroline was reported by Kaufmann and 
RadoSevik3 by the Skraup reaction with 6-aminoquinoline and recently by 
Smith by the same reaction with p-phenylenediamine.' The Skraup re- 
action with p-amino-azobenzene, however, appears to be the most suitable 
for preparing it in quantity, because p-amino-azobenzene is more easily 
accessible than 6-amonoquinoline or p-phenylenediamine. 

In  the Skraup reaction with benzene-azo-5-hydroxy-8-quinoline, the 
yield of 10-hydroxy-m-phenanthroline was very poor on working up under 
a variety of conditions. 

La Coste16 in the Skraup reaction with m-nitraniline, could isolate an  
hydroxy-m-phenanthroline (m. p. 159-60') as a by-product and, as to  the 
position of the hydroxyl group, he concluded, under his reasonable inter- 
pretation, that the substance might be 2-hydroxy-m-phenanthroline. 

The hydroxy-m-phenanthroline he had obtained appears to  be very near 
in its properties to 10-hydroxy-m-phenanthroline (m. p. 157-15g0), which 
I have now obtained. 

Pictet and his co-worker6 obtained phenotripyridine in good yields in the 
Skraup reaction with 1,3,5-triaminobenzene. Chrysoidin was now sub- 
mitted to the Skraup reaction, with the expectation of obtaining one of its 
structural isomers in accordance with the equation 

a Kaufmann and Rado5evi6, Ber., 42,2612 (1909). 
4 Smith, TH1s JOURNAL. 52,397 (1930). 
6 La Coste, Ber., 16, 674 (1883). 
0 Pictet and Barbier, Bull. soc. chim., [3] 13,28 (1895). 
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After a tedious process of separation, a minute amount of colorless 
needles (m. p. 155-156') could be isolated by means of petroleum ether but 
the scarcity of the material has rendered its further characterization 
impossible. 

Experimental 

General Procedure for the Skraup Reaction with Azo Compounds.- 
A mixture of monoazo compound ('/lo mole), glycerin (18 g.), concd. sul- 
furic acid (18 g.) and arsenic acid (9 g.) was gently refluxed in an oil-bath 
(bath temperature 160-195') for two to  thirty hours. The flask contents, 
which consisted of a hard black lump on cooling, was digested with hot 
water and the filtered liquid, after being made alkaline, was distilled with 
steam. The distillate was shaken with ether. On evaporating the 
solvent, after thorough drying with sodium sulfate, quinoline could be 
isolated. I t  was identified by converting i t  into its picrate. 

From the residue of the steam distillation, by means of benzene, another 
component of the products could be isolated. Further purification was 
effected by recrystallization of its sulfate from hot alcohol. 

In  the case of 10-hydroxy-m-phenanthroline, instead of benzene extrac- 
tion, the material was extracted first with cold alcohol, then with benzene, 
ether and petroleum ether successively. 

TABLE I1 
SKRAUP REACTIONS 

Reaction 

Reactant 

1 p-Benzene-azoresorcin dimethyl 
1 ether 
2 p-Benzene-azoresorcin 
2 
3 Azobenzene 
3 
4 p-Amino-azobenzene 
4 
5 p-Nitrobenzene-azo-4-naphthol-1 
6 p-Chlorohcnzenc-azo-phenol 
7 Benzene-azo-5-hydroxy-8-quino- 
7 line 
8 Chrysoidine 

time, 
G. hrs, Products Yield, g. 

10 21 Quinoline 2.5 
p-Phenanthroline 1.5 

8.85 15 Quinoline 2.3 
p-Phcnanthroline 0.07 

10 15 Quinoline picrate 0.5 
6,fi'-Diquinolyl 5.7 

10 30 Quinoline 2.5 
p-Phenanthroline 7.7 

15 21 9-Phenanthroline 3 2 
10 21 6-Chloroquinolie 5.2 
15 2 Quinoline 2.6 

10-Hydroxy-m-phenanthroline 0.25 
20 3 Quinoline 2.5 

Minute amount of crystals . . 
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TABLB 11 (ConclwEed) 
Compound Properties M. P., *C. 

1 Quinoline picrate Citron yellow needles from benzene 203 
1 p-Phenanthroline Colorless needles from benzene 173 
2 Quinoline picrate ...... 203 
2 p-Phenanthroline ...... 173 
3 Quinoline picrate ...... 203 
3 6,6'-Diquinolyl Colorless plates of silky luster from dilute alcohol 179-180 
4 Quinoline picrate . . . . . .  203 
4 p-Phenanthroline . . . . . .  173 
5 P-Phenanthroline ...... 171-172 
6 6-Chloroquinoline Colorless prisms from benzene 41-42 

piqate Yellow hair-like needles from acetone 217 
7 Quinoline picrate ...... 203 
7 10-Hydroxy-m-phenanthroline Colorless needles from benzene. Soluble 

in dii. HCI and NaOH. Ferric chloride 
reaction is dark violet 157-158 

8 Quinoline picrate ...... 203 
8 Minute amt. crystals Colorless needles from petroleum ether. 

Soluble in dil. HCl 155-156 
Carbon, % Hydrogen, Yo Nitrogen, % 

Compound Calcd. Found Calcd. Found Calcd. Found 

1 Quinoline picrate 50.28 50.35 2.79 2.85 15.64 15.75 
1 p-Phenanthroline 80.00 80.19 4.44 4.72 15.56 15.61 
2 p-Phenanthroline 10.94 10.91 
3 6-6'-Diquinolyl 84.38 84.58 4.69 4.96 15.56 15.74 
4 p-Phenanthroline 80.00 79.85 4.44 4.49 15.56 15.31 
5 p-Phenanthroline 80.00 80.12 4.44 4.66 15.56 15.76 
6 6-Chloroquinoline picrate 45.86 46.06 2.29 2.53 14.27 14.03 
7 10-Hydroxy-m-phenanthroline 73.47 73.63 4.08 4.43 14.29 14.02 

TABLE 111 
DERIVATIVES OF 10-HYDROXY-m-PHENANT~ROLINB 

Water 01 crystallization Analysis 
Formula Properties Calcd. Found Calcd. Found 

Sulfate CnHaONz, H,SOI Yellow needles from alc., m. p. 273" 
(dec.) ; easily sol. in water 

Chloro- ICnHaON,(HCl)*].- Yellow needles from C, 23.76 C, 23.92 
platinate PtClrl1/:H10 dil. HCI, m. p. 30Q0 4.27 4.28 H. 1.66 H. 2.04 

Pt, 32.21 Pt, 31.21 
Plcrate C1rHm0Na.- Yellow needles from 

CaHaOrNa alc., m. p. 237" (dec.) N. 16.47 N, 16.75 

I desire to express my best thanks to Professor Hata for the interest which 
he has kindly taken in this work. 

Summary 
1. I t  has been reported that in the Skraup reaction with azo compounds, 

the presence of arsenic acid gives better results. 
2. In connection with this fact, the following quinoline compounds have 

been prepared; quinoline, p-phenanthroline, 6,6'-diquinolyl, 6-chloroquino- 
line and 10-hydroxy-m-phenanthroline, of which the last is a new compound. 

TOKYO, JAPAN 
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[CONTRIBUTION FROM THE DEPARTMENT FOR DISEASES OF THE CHEST, JEFFERSON 

HOSPITAL j 

MERCURY DERIVATIVES OF ACETYLAMINOCRESOLS" 

Introduction 

Organic compounds of mercury have gained considerable prominence 
during the last few years in the field of pharmaceutical chemistry as general 
antiseptics. In almost every field of application, they have displaced their 
inorganic precursor, mercuric bichloride, and have established for them- 
selves a very important position among modem synthetic drugs. The 
value of the new organic mercurials in the treatment of syphilis and the 
importance of their use in conjunction with the well-known arsenicals 
are a t  present well recognized. Further investigation in this field, however, 
seemed to be especially desirable in view of the fact that comparatively 
few organic mercury compounds suitable for therapeutic use have been 
synthesized and still fewer were thoroughly studied and tried clinically. 
Among these, phenol derivatives and dyestuffs were given much attention 
and large groups of their mercury derivatives were synthesized and in- 
vestigated therapeutically. 

In 1906 Hantsch and Auld2 prepared mercury derivatives of various 
nitrophenols. In 1919 Schamberg, Kolmer and Raiziss3 studied the 
toxicity and bactericidal effect of rnercurated nitrophenols and found that 
sodium hydroxymercury-o-nitrophenolate exhibited interesting therapeutic 
properties. Later, Raiziss and Proskouriakoff4 synthesized a number of 
mercury derivatives of nitrophenols, nitroresorcinols and nitrosalicylic 
acids for their chemotherapeutic study, assuming that nitro groups enhance 
the bactericidal influence and the stability of the organic mercurials. 
Most of the compounds prepared were amorphous and analyses indicated 
that they were mixtures of mono- and di-mercury compounds and were 
separable only with considerable difficulty. Of the dyestuff group, mercury 
derivatives of phthaleins and azo dyes were more thoroughly investigated 
and some valuable germicidal compounds were discovered, in the first group 
mentioned. The di-sodium salt of dibromo-hydroxymercurifluorescein is 
the most successful of this group.6 In 1925 Proskouriakoff and Raizissa 

Financial assistance in this work has been received from the C. Mahlon Kline 
Fund. 

Hantsch and Auld, Ber., 39, 1105 (1906). 
8 Schamberg, Kolmer and Raiziss, J. Infectious Diseases, 24, 547 (1919). 

Raiziss and Proskouriakoff, THIS JOURNAL, 44,787 (1922). 
E. C. White, ibid., 42,2359 (1920); Young, White and Swartz, J. Am. Med. Asslz., 

73, 1483 (1919). 
Proskouriakoff and Raiiiss, THIS JOURNAL, 47, 1974 (1925). 
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prepared and studied a group of azo dyestuffs and found that mercury dan 
be detoxicated considerably by modifying the organic compound to which 
it is attached. Mercury derivatives of nitrocresols were studied by Raiziss, 
Proskouriakoff and Fisher7 and among them the mono-mercury derivative 
of 6-nitro-o-cresol and the di-mercury derivative of 5-nitro-o-cresol were 
found to possess superior germicidal properties. 

Several isomers of aminocresols were prepared and mercurated by the 
authors. These compounds, however, were amorphous and their sodium 
salts, as one would expect, were not sufficiently stable in solution, deposit- 
ing on standing a fine gray powder of metallic mercury. The instability of 
mercurated aminocresols was probably due to the presence of the open 
amino groups, and the protection of these groups seemed to be desirable in 
order to render the compounds more stable. It would also diminish the 
possibility of mercury reacting directly with the amino groups, forming the 
complex and still more unstable compounds. 

With this in mind, the authors undertook the preparation and subsequent 
mercuration of different isomers of acetylaminocresols. On studying the 
literature we were unable to find any data on properties and methods of 
preparation of certain amino- and acetylaminocresols. Some, apparently, 
never have been prepared. Most of those that have been known were 
prepared by reducing the corresponding nitrocresol with zinc or tin and 
hydrochloric acids and acetylating the amino compound thus obtained by 
boiling it with acetic anhydride in an acetic acid sol~tion.~ This method 
of reduction was long and tedious, as it involved the precipitation of the 
metal and evaporation of the solution for the precipitation of the amino 
compounds. The yield in our hands was very poor. The acetylation of 
the aminocresols in glacial acetic acid medium in many cases also presented 
considerable difficulty, due to the ready solubility of acetylaminocresols 
in dilute acids, and the yields obtained were very poor, also. 

Our attempts to find a better and simpler method for the preparation 
of aminocresols gave us very satisfactory results when we tried to reduce the 
nitrocresols with sodium hydrosulfite in alkaline solution. After some 
experimentation we have adopted the following procedure. The nitro- 
cresol was dissolved in dilute alkali and the boiling solution was then 
treated with small portions of solid sodium hydrosulfite until the liquid 
became colorless or slightly yellow. The theoretical amount of hydro- 
sulfite was required. The solution was then cooled and the amino com- 
pound came down in almost pure crystalline form, which, after a single 

7 Raiziss, Proskouriakoff and Fisher, paper read at the spring meeting of the 
American Chemical Society in Washington, D. C., 1924. 

(a) Nolting and Collin, Ber., 17,270 (1884); (b) Nolting and Kohn, ;bid., 17,367 
(1884). 

9 Massen, ibid., 17,609 (1884). 
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crystallization from water or dilute alcohol, was obtained as a perfectly 
pure compound suitable for our purposes. The method of the preparation 
of acetylated aminocresols was considerably improved by carrying on the 
reaction in aqueous medium. This is a very quick and simple method; 
the water medium fully protects the hydroxy groups from being involved 
in the reaction, even though an excess of acetic anhydride be used. The 
final product is pure and the yield excellent. 

The aminocresol is suspended in a small amount of water and treated 
with a slight excess of acetic anhydride by shaking it for a few minutes in a 
glass-stoppered Erlenmeyer flask. The compound goes into solution and 
the acetyl derivative quickly crystallizes on cooling. The acetylamino- 
cresols are thus obtained in a very pure state after the first crystallization. 

The mercuration of the aminocresols was canied out by treating an 
alkaline solution of acetylaminocresol with a solution of mercuric acetate in 
dilute acetic acid solution. The final acid concentration of the solution is 
in this case an important factor in obtaining uniform yields of a pure 
crystalline compound of definite structure. The crystalline diacetoxy- 
mercury derivatives, apparently, partly hydrolyze on heating in a neutral 
or insufficiently acid solution, turning into the corresponding amorphous 
hydroxy-mercury compounds. On boiling with water the compounds 
produce highly colloidal solutions, acid to  litmus. All the compounds were 
obtained from the reaction mixtures in the form of beautifully uniform 
crystals of high purity. They were recrystallized once from a 10% solution 
of acetic acid, dried at 110' in the oven and analyzed for nitrogen and 
mercury. The analyses showed that in the isomers of acetylaminocresols 
with ortho and para positions to hydroxyl open, mercury always enters all 
the positions thus open, leaving the meta positions unsubstituted. Thus 
5-acetylamino-o-cresol, 6-acetylamino-m-cresol and 4-acetylamino-m-cresol 
give, on mercuration, dimercurated compounds 

CHaCOOHg CHI CHaCONH HgOCOCHs CHsCOOHg gOCOCHr 

CHsCONH 6 (jH8 
HgOCOCHa 

QH, 
HgOCOCHa NHCOCHI 

We have attempted to mercurate, with excess of mercuric acetate, 6- 
acetylamino-o-cresol, which has only para position to hydroxyl open, both 
ortho positions being already occupied (A). As a result we have obtained 
a good yield of crystalline mono-mercury derivative identical with that 

CH~CONH@ 

CHaCO ..ii.. HgOCOCH, 

A B 
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obtained by mercuration of this compound with the theoretical amount of 
mercuric acetate (one mole) (B). 

All the mercurated acetylaminocresols prepared by us are soluble in 
dilute solutions of alkalies. The results of the investigation of their 
therapeutical activity will be published elsewhere. 

The mercury in these compounds was determined by decomposing the 
compounds with sulfuric acid and potassium permanganate and estimating 
mercury gravimetrically as sulfide. 

Experimental Part 
Preparation of 5-Amino-o-creso1.-Thirty-four grams of 5-nitro-o-cresol (m. p. 

117 ") was dissolved in 600 cc. of a 3% solution of sodium hydroxide. The solution was 
brought to boiling and to the boiling solution was gradually added in small portions 
about 135 g. of sodium hydrosulfite. The reduction was completed when the solution 
was almost colorless and the addition of sodium hydroxide to a portion of it gave no 
red color. The solution was then filtered hot and allowed to cool for twenty-four hours. 
The crystalline precipitate was then filtered off, washed with a small amount of ice-cold 
water and dried in a desiccator. I t  could then be recrystallized from water, giving plates 
of m. p. 161 O. 

Preparation of 5-Acetylamino-o-creso1.-Eight grams of 5-amino-o-uesol (m. p. 
161 ") was suspended in 150 cc. of water in a glass-stoppered Erlenmeyer flask. To  this 
was added 20 cc. of acetic anhydride and the flask was shaken for about a half hour. 
I t  was then cooled and allowed to stand for four hours. The precipitate was filtered 
off, washed with water and dried in the oven a t  about 70'; yield, 9.5 g. (88%). The 
compound was then recrystallized from 350 cc. of 50% eth-71 alcohol; yield. 8 g. It can 
also be purified by dissolving it in dilute alkali and precipitating the compound from the 
filtered solution by dilute hydrochloric acid. It gives colorless crystals (prisms); 
melting point, 225". I t  is soluble in dilute alkalies and hot water. 

Preparation of 4,6-Diacetoxymercuri-5-acety1amino-o-~esol.--Two grams of 5- 
acetylamino-o-cresol (m. p. 225") was dissolved in 50 cc. of water and 15 cc. of a 4% 
solution of sodium hydroxide. To this was added 7.8 g. of mercuric acetate dissolved 
in 60 cc. of warm 15% acetic acid. The whole was warmed until the precipitate dis- 
solved. The solution was then cooled. A voluminous white precipitate formed which 
under the microscope appeared as colorless long needles radiating from centers. 

The compound was washed with a small amount of cold water and dried in the oven 
at  110' for twelve hours; yield, 4.5 g. I t  is soluble in dilute alkali, sodium carbonate, 
glacial acetic acid and dilute acetic acid (on warming). I t  is insoluble in methyl alcohol, 
benzene, ether and ethyl acetate. The compound darkens and apparently begins to 
decompose a t  about 210'. 

A n d .  Calcd. for C13K1606NHg2: Hg, 50.80; N, 2.05. Found: Hg, 59.10; N, 
2.03. 

Preparation of 6-Amino-a-creso1.-Twenty-five grams of 6-nitro-o-cresol was dis- 
solved in 500 cc. of 3% solution of sodium hydroxide. The solution was heated to  90'. 
heating was discontinued and with rapid stirring solid sodium hydrosulfite was added in 
2-g. portions a t  such a rate as to keep the temperature below 100 O. The reduction was 
completed when 100 g. of sodium hydrosulfite had been added. Five grams of norit 
was then added and stirring was continued for a few minutes. The solution was filtered 
and the filtrate was cooled in ice water. The crystallized compound was filtered off 
and dried in the oven a t  60 O. 
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The crude dry compound was recrystallized from carbon tetrachloride. Colorless 
plates were obtained from water. It is soluble in methyl and ethyl alcohol, acetone, 
ether, chloroform, hot water, hot benzene and hot carbon tetrachloride; insoluble in 
petroleum ether; m. p. 89' (uncorr.). It gives a red color with ferric chloride. 

Anal. Calcd. for CrH9ON: N, 11.38. Found: N, 11.25, 11.27. 

The hydrochloride was obtained by dissolving the amino compound in dilute hy- 
drochloric acid and precipitating the hydrochloride by adding an equal amount of con- 
centrated hydrochloric acid (colorless crystals). 

Preparation of 6-Acetylamino-o-cresol.Six grams of 6-amino-o-cresol (m. p. 
89 ") was suspended in 200 cc. of water in a glass-stoppered Erlenmeyer flask. To this 
was added 4 cc. of acetic anhydride and the mixture was shaken vigorously. A dark 
solution resulted which with continued shaking quickly became lighter in color with the 
separation of dark semi-solid substance. This was filtered off and the filtrate was cooled 
in ice water. The 3-acetylamino-o-cresol crystallized with the help of stirring and 
scratching. The crystals were filtered off, washed with water and dried in the oven a t  
60 ". 

The compound recrystallized from carbon tetrachloride melted at 78-79 ' (uncorr.) 
(long prisms). It is soluble in methyl and ethyl alcohol, acetone, benzene, chloroform, 
ether, hot water and hot carbon tetrachloride; insoluble in petroleum ether. It gives 
a blue color with ferric chloride. (The corresponding amino compound gives a red color 
with the same reagent.) 

Anal. Calcd. for C]&IIIOZN: N, 8.49. Found: N. 8.36,8.35. 

Preparation of 4-Acetoxymercuri-6-acetylamino-o-creso1.-Two grams of 6-acetyl- 
amino-o-cresol was dissolved in 20 cc. of 3% solution of sodium hydroxide. To the warm 
solution was added 4 g. of mercuric acetate dissolved in 30 cc. of 15y0 warm acetic acid. 

The mixture was heated over a low flame until the precipitate formed a t  first re- 
dissolved. The hot solution was filtered and then cooled in ice water. The crystalline 
precipitate was filtered off, washed with a little 1070 acetic acid and then with water 
and dried in the oven a t  60 O; yield, 2.2 g. It can be recrystallized from 10% acetic acid. 
The compound is soluble in dilute alkalies, acetone, ethyl and methyl alcohol and dilute 
acetic acid. I t  is insoluble in benzene, ether and carbon tetrachloride. It melts a t  122'. 

Anal. Calcd. for C,~HlaOflHg: Hg, 47.34; N, 3.31. Found: Hg, 47.42, 47.68; 
N, 3.26. 

Preparation of 6-Amino-m-creso1.-Ten grams of 6-nitro-m-cresol (m. p. 56') was 
dissolved in 225 cc. of a 3% solution of sodium hydroxide and the boiling solution was 
treated with small portions of solid sodium hydrosulfite (about 40 g.) until the solution 
became almost colorless and a portion of it in a test-tube did not give a red color with 
sodium hydroxide. I t  was then allowed to cool, whereupon an amino compound crys- 
tallized out. I t  was filtered off and recrystallized from 50% ethyl alcohol; yield, 4.8 g. 

T t  forms colorless long prismatic needles which melt with decomposition a t  162'. 
An aqueous solution of the compound gives with ferric chloride a red color, while the 
corresponding nitrocresol and acetylaminocresol do not give this reaction. 

The compound is soluble in hot water, dilute acids, methyl and ethyl alcohol, 
acetone, benzene and ether. It is insoluble in petroleum ether. 

Anal. Calcd. for C,HpON: N, 11.38. Found: N ,  11.27. 

Preparation of 6-Acetylamino-m-creso1.-Five grams of 6-amino-m-cresol was 
suspended in 75 cc. of water and treated with 7 cc. of acetic anhydride in a glass-stop- 
pered Erlenmeyer flask. The change occurred almost immediately; all went into 
solution and soon after the precipitate came down, The flask was shaken for about 
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a half hour and then well cooled with ice water. The precipitate was then filtered off, 
washed with cold water and dried in the oven a t  about 70"; yield, 5 g. 

The compound, recrystallized from 50% ethyl alcohol, forms colorless hexagonal 
plates. I t  melts at  171 (uncorr.). 

The solution of 6-acetylamino-m-cresol gives no color with ferric chloride. 
(By this reaction it can be distinguished from the corresponding aminocresol.) I t  
dissolves in alkali with a bluish-green color. 

The compound can be dissolved in sodium hydroxide or sodium carbonate and pre- 
cipitated from the solution by neutralizing it with acetic or hydrochloric acid. It is 
soluble in hot water, easily soluble in methyl and ethyl alcohol and acetone, much lesq 
so in benzene and ether. I t  is insoluble in petroleum ether and carbon tetrachloride. 

AnaE. Calcd. for CsHllOzN: N, 8.49. Found: N, 8.38. 
Preparation of 2,4-Diacetoxyrnercuri-6-acety1amino-m-cresol.-en and one-half 

grams of 6-acetylamino-m-cresol (m. p. 171 O) was dissolved in 250 cc. of a 1.5% solution 
of sodium hydroxide. To this was added, with stirring, a hot solution of 40.2 g. (2 
moles) of mercuric acetate in 210 cc. of 20% acetic acid. 

The whole was then warmed until the precipitate formed went into solution. The 
solution was then cooled and allowed to stand for twelve hours. The precipitate was 
filtered off, washed with water, alcohol and ether and dried in the oven a t  60°. This 
yellowish crystalline precipitate was recrystallized from 10% acetic acid, whereupon 
colorless long needles were obtained. 

The compound dissolves in dilute alkalies, forming a colorless solution. It melts 
with decomposition a t  178 ". I t  was dried in the oven at 110" for fifteen hours and ana- 
lyzed. 

Anal. Calcd. for C1sH1606NHgz: Hg, 58.80; N, 2.05. Found: Hg, 58.70; N, 2.01. 
Preparation of 4-Aminom-cresol.Sixteen grams of 4-nitro-m-cresol (m. p. 12g0) 

was dissolved in 350 cc. of a 3% solution of sodium hydroxide. To the boiling solution 
was gradually added 65 g. of solid sodium hydrosulfite. The reduction was completed 
when the solution became almost colorless and the amino compound began to  precipitate. 
The mixture was then well cooled, the precipitate filtered off and recrystallized from 100 
cc. of 50% ethyl alcohol; yield, 7 g.; colorless prisms, m. p. 179'. Nolting and ~ o h n ~ ~  
give the melting point for this compound as 174'. 

Preparation of 4-Acetylamino-m-creso1.-Six grams of 4-amino-m-cresol (m. p. 
179 ") was suspended in 50 cc. of water in a glass-stoppered Erlenmeyer flask. To this 
was added 10 cc. of acetic anhydride and the mixture vigorously shaken. The amino- 
cresol went into solution. On cooling a crystalline precipitate of acetylaminocresol 
came down. This was filtered off, washed with cold water and recrystallized from water; 
yield, 5 g. of needles. The compound when dried in the oven at 110' for six hours melts 
a t  130' (incorr.). Staedel and Kolblo give for this compound (free from water of crys- 
tallization) m. p. 125 O. I t  can be dissolved in dilute alkali and reprecipitated by acidify- 
ing with hydrochloric acid. 

Preparation of 2,6-Diacetoxyrnercuri-4-ace~~aminom-creso.-wo grams of 4- 
acetylamino-m-cresol (m. p. 130°) was dissolved in 20 cc. of a 3% solution of sodium 
hydroxide. To the warm solution was gradually added, with stirring, a solution of 
7.7 g. of mercuric acetate in 30 cc. of 15% acetic acid. The mixture was allowed to  
stand in a cool place for twenty-four hours. The white crystalline precipitate was 
filtered off, washed first with cold water, then with alcohol and finally with ether and 
dried in the air. I t  was recrystallized from 10% acetic acid and dried a t  110° for fifteen 
hours; yield, 3 g. of colorless crystals (prisms). On heating; in the melting point tube, 

10 Staedal and Kolb, Ann., 259, 217 (1890). 
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the compoutld darkens and gradually decomposes, but does not melt below 250 ". It is 
soluble in dilute alkalies. The solutions are colorless. 

A w l .  Calcd. for C~rHlsOsNHgz: Hg, 58.80; N, 2.05. Found: Hg, 58.69; N, 2.06. 

Summary 

1. A simple method of preparation of aminocresols from corresponding 
nitrocresols by reduction with sodium hydrosulfite is described. 

2. 6-Amino-o-cresol, 6-acetylamino-o-cresol, 6-amino-m-cresol and 6- 
acetylamino-m-cresol were prepared and studied. 

3. The following mercury derivatives of acetytaminocresols were 
synthesized and studied: 4-acetoxymercuri-6-acetylamino-o-cresol, 4,6- 
diacetoxymercuri-5-acetylamino-o-cresol, 2,4-diacetoxymercuri-6-acetyl- 
amino-m-cresol and 2,6-diacetoxymercuri-4-acetylaminom-cresol. 

PHILADELPHIA, PENNSYLVANIA 

[CONTRIBUTION FROM THP: CHEMICAL LABORATORY OF IOWA STATE COLLEGE] 

BENZOHYDRnMAGNESITJM CHLORIDE AND THE APPARENT 
PRIOR FORMATION OF FREE BENZOHYDRYL RADICALS 

Introduction 
In  the preparation of all Grignard reagents, there are side-reactions, and 

chief among these is the coupling reaction to give R-R compounds.l The 
extent of this coupling reaction varies between extreme limits,2 and until 
recently it was essentially impossible, for example, to prepare allylmag- 
nesium bromide because of the unusually high yield of d i a l l ~ l . ~  

Perhaps the most unusual preparation of this type is that of benzohydryl- 
magnesium chloride, (CsH5)2CHMgCl. Under ordinary conditions the 
yield of coupling product, sym.-tetraphenylethane, is astonishingly high and 
has reached 95.5a/0.4 For this reason, the application of this RMgX com- 
pound in synthesis has followed the procedure of Barbier. This involves 
the preparation of the benzohydrylrnagnesium halide in the presence of 
the reactant? Ordinarily this procedure has two serious disadvantages: 

Gilman and Fothergill, THIS JOURNAL, 50, 3334 (1928). 
See Giman, Zoellner and Dickey, ibid., 51, 1576 (1929), for the yields of some 

RMgX compounds. Some typical RMgX compounds like phenylmagnesium bromide 
and n-butylmagnesium bromide can be prepared in essentially quantitative yields when 
an excess of magnesium is used. 

a I t  is now possible to prepare allylmagnesium bromide in yields greater than 
93%. See Giman and McGlumphy, Bull. soc. chim., 43, 1322 (1928). 

Gilman and Kirby, THIS JOURNAL, 48, 1733 (1926). 
Gomberg and Cone, Ber., 39, 1461 (1906); Bert, Compt. rend., 177, 324 (1923); 

Grignard and Ono, Bull. soc. chim., 39, 830, 1589 (1926); Gilman and Kirby, THIS 

JOURNAL, 48,1733 (1926); Levy and Lagrave, Bicll. sac. chim., 43,437 (1928). 
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first, the yields are low; second, the formation of the Grignard reagent may 
be retarded and, in some cases, actually inhibited."' 

We needed benzohydrylmagnesium chloride in connection with the 
extension of studies on the so-called abnormal reactions of Grignard re- 
agents having a,@-~nsaturation.~ As a result of the present study, i t  is 
now possible to prepare this RMgX compound independently (and not in 
accordance with the Barbier procedure) and the yields are satisfactory 
(70y0). Excellent yields of the corresponding carboxylic acid, diphenyl- 
acetic acid, have been realized by the customary procedure of carbonation. 

Perhaps of greater significance than the development of a method for the 
preparation of this unusual Grignard reagent in satisfactory yields, is the 
direct observation of what appear to be transiently formed free radicals. 
During the addition of the benzohydryl chloride in ether to magnesium in 
ether, it was noted that a reddish color formed where the chloride came in 
contact with the ether containing magnesium and Grignard reagent. The 
same phenomenon was observed when the benzohydryl chloride was added 
to an ether solution of benzohydrylmagnesium chloride free of magnesium. 
With the rapid addition of halide to the Grignard solution, i t  was possible 
(in small containers) to have the color throughout the solution. The color 
disappears very shortly after its formation, and it is impossible to get the 
color when the Grignard reagent is used up. 

It has already been suggested by Gomberg and Bachmann7 that free 
radicals are formed initially in the prefiaration of Grignard reagents when 
iodine is used as a catalyst, as follows 

Mg + 12 + MgIe (1) 
MgT* + M g  ---t. 2 -MgI (2) 

RX + -MgI -+ R- + XMgI (3) 
XMgI + Mg + -MgI 4- -MgX (4) 

R- + -MgX -+ RMgX (5) 

In the absence of a catalyst, l i e  iodine, it has been suggested7 that the 
first step in the reaction is 

2RX + Mg -+ R.R + MgX2 (6) 

and that the MgXe so formed then reacts with magnesium in accordance 
with Reaction 1 to give -MgX which subsequently combines with the free 
radical to give the RMgX compound. However, we1 are of the opinion 
that the formation of free radicals is the first step in the preparation of the 
Grignard reagent, even in the absence of any catalyst 

2RX + Mg --+ 2R- + MgXl (7) 

6 Gilman and Kirby, THIS JOURNAL, 51, 3475 (1929); Gilman and Jones, ixd., 
51,2840 (1929). 

* Gomberg and Bachmann, kbid., 49, 236 (1927). This article contains leading 
references to explanations for the catalytic iduence of some reagents for initiating the 
preparation of organornagmiurn halides. 



3986 HENRY GILMAN AND E. A. ZOELLNER Vol. 52 

and that then the MgXz reacts with magnesium (Reaction 2) to give the 
-MgX, which subsequently combines with the free radical (Reaction 5). 
Possibly both reactions occur. 

Whatever may be the correct explanation, and both mechanisms as well 
as others may be correct, there is experimental evidence by Gilman and 
Fothergilll and Gilman and Kirbys in support of the intermediate forma- 
tion of free radicals incidental to the preparation of Grignard reagents. 

The transitory color observed on the addition of benzohydryl chloride to 
benzohydrylmagnesium chloride indicates that free radicals are also formed 
subsequent to the preparation of RMgX compounds. The free radicals so 
formed might account in part at  least for the side reactions of coupling and 
disproportionation described by Gilman and Fothergill.' 

(CaH6)zCHMgCl + (CeHs)rCHCl+ 2(CsH&CH- + MgCll (8) 
2(CsHs)2CH- + (CGH~)ZCHCH(CBH~)Z (9) 

and, where disproportionation can occur, the following general reaction1 

might be written 
2R- --+ R(+H) + R(-H) (10) 

It is interesting to note that apparently the same color phenomena are 
observed on t3e addition =f Eenzohydrq.1 chloride to s=me RMgX com- 
pounds other than benzohydrylmagnesium chloride. This is not entirely 
unexpected in view of the studies by Fuson? who showed that the coupling 
reaction is best interpreted under certain conditions, as follows 

2RX + 2R'MgX -+ R-R + R'-R' + 2MgXr (11) 
In accordance with this reaction it is readily understandable that the 
formation of R.R compound from the RX compound might have taken 
place as indicated in Reaction 9, written above. Actually, Spathl0 has 
suggested such a general mechanism, but this is the first case where we have 
observed the apparent intermediate formation of free radicals other than 
those of tri-arylmethylsl1 and related compounds. It should be possible to 
capture12 these radicals and extend our knowledge of free radicals to new 
types. 

8 Gilman and Kirby, THIS JOURNAL, 51,1571 (1929). Another interpretation does 
not involve -MgX, and consists in the direct union of 2R- + Mg -+ R a g .  See 
Gilman and Brown, ibid., 52, November, 1930. 

"uson, ibid., 48, 830, 2681, 2937 (1926). These papers have an excellent review 
of earlier studies on the coupling reaction. 

lo Spath, Monatsh., 34, 1965 (1913). 
l1 See, Giman and Zoellner, THIS JOURNAL, 51,3493 (1929), for the preparation of 

triphenylmethylmagnesium chloride. 
12 See, Gilman and Fothergill, ibid., 51, 3149 (1929), for studies on the capture of 

free radicals formed in the preparation and reactions of Grignard reagents. 
After the manuscript was submitted for publication, it was found that benzo- 

hydrylmagnesium chloride reacted with benzophenone to give benzopinacol and tetra- 
phenylethylene. This is evidence for the dissociation of this RMgCl compound. and 
for the disproportionation of benzohydryl radicals. 



RENZOHYDRYLMAGNESXUM CHLORIDE 

Experimental Part 
The benzohydryl chloride used in these studies may not have been as pure as that 

prepared previously by Gilman and Kirby.Vwo fractions were used. One of them 
boiled at  147-148' (6 mm.) (m. p. 9-11"), and the other at 148-150' (6 mm.) (m. p. 
13-15") The apparatus and method of analysis were those described by Gilman, 
Zoellner and However, the procedure had the following slight variations: 
ten drops of halide were used to initiate the reaction; heat was applied by means of a 
microburner under a wire gauze; as soon as reaction set in (two to three minutes), stir- 
ring was commenced; then, re3uxing and stirring were continued for ten minutes prior 
to addition of the remaining halide in ether. There was no difficulty in starting the 
reaction when the customary small quantity (0.03-0.05 g.) of iodine was used as a cata- 
lyst. 

Without going into details of a series of experiments, i t  may be stated a t  once that 
the yield is markedly affected by the quantity of fine magnesium (30-80-mesh). In an 
experiment using 5.07 g. (0.025 mole) of benzohydryl chloride, 6.1 g. (0.25 atom) of 
magnesium and a total of 74 cc. (0.74 mole) of ether, the yield was 51%. The time 
of addition of the halide was one hour, and with a two-hour period of addition the yield 
was 53%. I t  was noted that the formation of precipitate was slightly progressive. In  
contrast with this, the precipitation is more pronounced at  the beginning of the prepara- 
tion of trrt.-butyl- and tub,-amylmagnesium chlorides,lJ and in these cases the pre- 
cipitate (under optimal conditions) disappears when the preparation is about one-half 
completed. 

When the ratio of magnesium and ether to the chloride was doubled, so that for each 
mole equivalent of benzohydryl chloride 20 atom equivalents of magnesium and GO mole 
equivalents of ether were used, the yield was 57y0. Here there was less precipitate and 
its formation was not progressive. 

When 30 atom equivalents (9.12 g.) of magnesium and 60 equivalents (74 cc.) 
of ether were used with one mole equivalent (2.53 g.) of benzohydryl chloride boiling a t  
14&150° (6 mrn.), and when the time of addition was one and one-half hours, the yield 
was 71%. In  a like experiment with the halide boiling a t  147-148' (6 mm.), the yield 
was 68Yo. In these experiments the smallest quantity of precipitate formed. It ap- 
pears altogether reasonable that with a still higher ratio of magnesium, pure halide and 
slow addition, the yield can be significantly increased. 

A larger-sized run was made in order to prepare the corresponding carboxylic acid. 
In this experiment the conditions were those described for the 51% yield preparation: 
10.14 g. (0.05 mole) of the chloride was used and the time of addition was two hours. 
The yield by titration was 50y0. After cooling the RMgCl solution to  -15', carbon 
dioxide was addedT4 rapidly and was taken up almost instantly. The yield of diphenyl- 
acetic acid, (C6H5)2CHCOOH, was 84% (based on the quantity of available RMgCl 
compound).'5 The identity of the acid was confirmed by a mixed melting point deter- 
mination with an authentic specimen. In addition to the acid, there was isolated 2.5 
g or 30% of sym -tetraphenylethane. 

Summary 

Under ordinary conditions it is practically impossible to prepare benzo- 
hydrylmagnesium chloride, (CsHc,)zCHMgCl, because of an extreme tend- 

" Gilman and Zoellner, Rec. trav. chim., 47, 1058 (1928). 
l4 Gilman and Parker, THIS JOURNAL, 46, 2816 (1924). 
16 This high yield is remindful of the very high yield of triphenylacetic acid obtained 

by the carbonation of triphenylmethylmagnesium chloride." 
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ency for coupling which results in a 9501, yield of R.R compound. Direc- 
tions are now available for the preparation of this unusual Grignard reagent 
in yields upwards of 70%. The coupling reaction is apparently due to the 
prior formation of free benzohydryl radicals, which are of red color and ,of 
short life. 

[CONTRIBUTION FROM THE CREMCAL LABORATORY OF MIDDLEBURY COLLEGE] 

ALIPHATIC ACYLOINS. I. PREPARATION1 

BY B. B. CORSON, W. L. BENSON AND T. T. GOODWIN 
RECEIVED JUNE 9, 1930 PUBLISH~D OCTOBER 6, 1930 

The most promising method which has been described for the preparation 
of aliphatic acyloins involves the action of sodium on ethereal or benzene 
solutions of aliphatic esters. This reaction was first described by Bou- 
veault and Locquin2 and the following mechanism was assumed 

2RCOOR1 + 4Na -+ 2NaOR1 + RC(ONa)=C(ONa)R 
RC(ONa)=CfONa)R + 2H10 ---t RC(OH)=C(OH)R + 2NaOH 

RC(OH)=C(OH)R -+ RCHOHCOR 

Other mechanisms have been ~uggested.~ 
According to the original directions the reaction was run at  0' except in 

one case, pivaloin (2,2,5,5-tetramethylhexanol-3-one-4), where the re- 
action temperature was that of the room. The implication was that the 
acetoacetic ester condensation would result at higher temperatures and it 
was suggested that acyloins represented an intermediate step in the aceto- 
acetic ester condensation.* Other investigators, however, have used 
higher temperatures, with equally good  result^.^ 

When the original directions are followed the reaction proceeds very 
slowly. In preparing pivaloin a t  room temperature Bouveault found it 
necessary to allow the reaction mixture to stand for eight to ten days. 
The use of a higher reaction temperature cuts down the time from days to 
hours. I t  has been suggested that the slowness of reaction in this par- 
ticular case was due to the highly branched chain and the absence of 
enolizable hydrogen in the starting material, ethyl trirnethyla~etate.~" 
However, following the original directions the reaction also goes very slowly 

I Preliminary work was done by N .  E. Sanborn and P. B. Smith in 1928-1929. 
a Bouveault and Locquin, Bull. soc. chim., [3] 35, 629-643 (1906); cf. Bacon, Am. 

C h .  J., 33,68 (1905), and Higley, ibid., 37,293 (1907). 
8 (a) Scheibler and Voss, Ber., 53, 388 (1920); (b) Scheibler and Emden, Ann., 

434, 265 (1923); (c) Egorova, J. Russ. Phys -Chem. Soc., 60, 1199 (1928); C. A., 23, 
2935 (1929); (d) cf. Gomberg and Bachmann. THIS JOURNAL, 50, 2762 (1928). 

Bouveault and Locquin. Ann. chim. phys., [8] 19, 186 (1910). 
6 (a) Scheibler and Emden, Ann., 434, 265 (1923); (b) Feigl, Ber., 58,2299 (1925); 

(c) cf. McElvain, THIS JOURNAL, 51, 3124 (1929). 



Oct., 1930 ALIPHATIC ACYLOINS 3889 

with straight chain esters such as ethyl butyrate, We have not applied the 
modified directions to the preparation of pivaloin but we have prepared a 
very similar substance, 3,3,6,6-tetramethyl-octanol-4-one-5 from ethyl 
dimethylethylacetate and, as far as we could see, the reaction proceeded as 
smoothly with the latter as with simpler esters. In the course of this work 
we have prepared propionoin, the two isomeric butyroins, two valeroins and 
four capronoins a t  the ceflux temperature of the ether solutions. 

For solvent, Bouveault used either dry ether or dry benzene, but from our 
experience, ether is much superior to benzene. S~heib le r~~ found the same 
to be true in a similar reaction, the preparation of ester enolates from 
aliphatic esters. 

The yield of once-distilled product (25O boiling point range) is around 
50% of the theoretical amount. The yield of pure product (13O boiling 
point range) is considerably smaller owing to the necessity of repeated 
vacuum fractionation. At least two substances are always obtained, the 
acyloin proper and a higher-boiling liquid of approximately twice the 
molecular weight and of unknown structure. Certainiy, part of this second 
substance is formed during distillation and according to Bouveault the 
elevated temperature of distillation is responsible for all of it. A subsequent 
paper from this Laboratory will deal with this high-boiling by-product. 

Also, a third substance is usually present, the 1,2-diketone (RCOCOR) 
corresponding to the acyloin (RCHOHCOR). Presumably autoxidation 
of the enediolate, RC(ON~)=C(ON~)R,~  accounts for the presence of the 
diketone, although some mechanisms of acyloin formation envisage the 
diketone as an intermediate step. The greater part of the diketone can be 
removed from the once-distilled product by shaking with saturated sodium 
bisulfite but the last traces must be removed by distillation. Since the 
diketones are deep yellow and the acyloins pale yellow, the depth of color in 
the distilling column is a useful guide as to the progress of fractionation. 

It is our experience that acyloins as obtained by distillation are always 
slightly yellow. Butyroin was fractionated in a vacuum six times in 
succession in the attempt to obtain a colorless product. The film of liquid 
flowing down the column appeared to be colorless but the butyroin which 
collected in the receiver had a tinge of yellow. Although it  seemed im- 
possible to remove the last traces of yellow by distillation, we finally dis- 
covered that exposure to sunlight quickly brought about that result. 
Usually, a one-hour exposure was sufficient. In only one case, that of a 
sample of isobutyroin made from ethyl isobutyrate, were we unable to  
remove the color; on the other hand, a sample of isobutyroin made from 
isobutyl isobutyrate decolorized easily. When these colorless acyloins are 
kept in the dark or in diffused light, the yellow color returns in several 
days. This color change can be repeated several times by alternately 
exposing to sunlight and keeping in the dark. 
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~ c h e i b l e r ~ ~  has recorded the extreme light sensitivity of an aromatic 
substituted aliphatic diketone, tetrabenzyldiacetyl, the photo-reaction 
being to some extent reversible. 

(C~H~CH~)~CHCOCOCH(CHZC~H~)Z (COHE.CHZ)ZCHCHOHCOCH(CH~COH~~)~ 
It has long been known that aromatic 1,2-diketones are light sensitive and 
the best known example of this reaction is the conversion of yellow benzil 
into colorless benzil-benzoin. 

It may be that the yellow color of aliphatic acyloins is due to a small 
amount of the corresponding yellow diketone and by analogy with Scheib- 
ler's findings it may be that the reversible color change is due to the re- 
versible reduction-oxidation of the diketone-hydroxyketone system. 
Further work is now in progress in this Laboratory on the photochemical 
decomposition products of aliphatic acyloins. 

For some time we did not realize that this color change was indicative of 
alteration in composition, since the refractive index and the density were 
identical in colored and colorless samples. Finally, it was discovered that 
the colorless samples had a considerably different carbon-hydrogen 
composition. Up to this time exposure of the acyloins to light had never 
Seen ~-~wideecl, with the result that after a fern. weeks in the laboratory the 
acyloins were far from pure. After this discovery all the acyloins were 
redistilled and a low-boiling fore-run was found in every case. There was 
very little, if any, high-boiling residue. with these acyloins, refractive 
index and density are merely rough criteria of purity, e. g., a sample of 
n-valeroin which had been exposed to light still had the identical refractive 
index and density within 2 parts per 1000 although its carbon and hydrogen 
percentages had fallen 1.2 and l.lyo, respectively. 

In the preparation of acyloins i t  is advisable to start with the methyl or 
ethyl ester of the acid in question. Although the reaction proceeds at  
least as fast and possibly faster3" with the higher esters such as iso-amyl, 
etc., it is difficult to obtain a pure product, due to contamination by the 
resulting high-boiling alcohol. 

About 10% of the sodium becomes so thickly encrusted with sodium 
derivative that i t  is unable to react. Following these modified directions, 
satisfactory yields of acyloins are obtained with esters of acids from pro- 
pionic up through caproic, but the limit has been reached in an acid of 
twelve carbons. With ethyl laurate and ethyl myristate only 20-30010 of 
the sodium reacted in ten hours of heating followed by thirty-six hours of 
standing. The reaction was so incomplete that no attempt was made to 
isolate the products. Very likely potassium would extend the limits of the 
reaction. Acetoin cannot be prepared successfully by this method, due 
partly to its solubility in water and partly to its extreme sensitivity to alkali. 

Aromatic acyloins have recently been prepared by ~ o m b e r ~ ~ ~  from both 
esters and acids by means of magnesious halide. With sodium, the free 
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acid does not result in acyloin, the only product being the sodium salt of 
the acid. I t  may be that, under suitable conditions, the reaction would 
proceed, but at  any rate, mere substitution of free acid for ester in the 
following directions results only in the sodium salt of the acid. 

Experimental Part 
General Procedure.-In a three-necked 2-liter round-bottomed flask were placed 

1000 cc. of dry ether and 92 g. of sodium cut into small slices. We did not find i t  prac- 
ticable to convert such large quantities of sodium into wire; thin slices were found quite 
suitable. First, the sodium was cut into sticks 10-13 em. long and about 2.5 sq. cm. in 
cross section and stored in wide-mouthed, rubber-stoppered bottles. Just before using, 
the sodium was freed from oxide, weighed and cut under dry ether with a thin knife, into 
5-mm. slices (thinner if possible). The middle neck of the flask was fitted with a me- 
chanical stirrer (propeller type) and mercury seal combination. In one of the side necks 
was placed a reflux condenser and in the other a 125-cc. dropping funnel. The stirrer 
was started and the ether heated to the reflux temperature by means of a jet of steam 
impinging on the bottom of the flask. A pan was placed under the flask t o  catch the 
drip. The heating necessary to keep the ether refluxing varied with the ester used-- 
with ethyl n-caproate and ethyl propionate considerable steam heating was required, 
whereas with iso-amyl isovalerate and isobutyl isobutyrate very little heating was re- 
quired. Two-gram molecules of the ester in question was added a t  the rate of two drops 
per second to the stirred, hot mixture. Addition required two hours. The mixture 
was then stirred and steam-heated for an additional hour. A yeltowish (occasionally 
reddish to light brown) solid began to appear in fifteen to thirty minutes and gradually 
increased in amount until practically all of the sodium had been converted into it and 
the contents of the flask was a thick mush. With ethyl butyrate 1000 cc. of ether was 
sufficient but with ethyl valerate and iso-amyl isovalerate it was necessary to  introduce 
another 500 cc. of ether after half the ester had been added in order to keep the mix- 
ture sufficiently liquid to stir. 

After standing for twenty-four hours the sodium salt was ready to be decomposed. 
Longer standing does no harm. If the mixture is to be allowed to stand for several days, 
the flask should be stoppered to prevent evaporation of ether and also to exclude air. 
The reaction mixture was poured (small amount a t  a time) into a 2-liter battery jar 
containing about 8 cm. of water full of cracked ice and layered with 5 cm. of ordinary 
ether. Each portion was brought into solution by stirring with a rod before another addi- 
tion; excess of ice was maintained throughout the process. Pieces of unreacted sodium 
were removed with a wire skimmer, rinsed in a small dish of ether and finally dropped 
into a beaker of alcohol. Sometimes the mixture was fluid and poured nicely; sometimes 
it was thick and had to be removed by means of a long spatula. The layer of ether pre- 
vents the sodium from igniting; most of the sodium pops up and down a t  the ether- 
water interface. Although this decomposition is surprisingly free from fire hazard it is 
advisable to have wet towels and fire extinguishers handy. 

In several runs toluene was substituted for ether. The reaction proceeded nicely 
in the boiling toluene but it was impossible to work up the product in the usual manner 
by pouring into water without frequent fires. Possibly the excess sodium could have 
been decomposed with alcohol or acetic acid. 

After the sodium salt had been added and both the water and ether had become 
clear, the ether was separated. The water layer was extracted with two 250-cc. por- 
tions of ether and then discarded. The discarded water contains about 6 g. of organic 
acid as sodium salt. In  the preparation of butyroin the greater part of this acid was 
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butyric but there was a certain amount of a higher-boiling liquid which seemed to be di- 
propylglycolic acid. The combined ether was washed twice with strong sodium chloride 
solution. The ether was then distilled through a 30-cm. column until the residue was 
about 250 cc., the temperature a t  the top of the column being 42-44.O. The ether should 
be distilled rapidly with a free flame since prolonged heating increases the yield of the 
high-boiling product at  the expense of the acyloin. The residue was distilled in a vac- 
uum and collected over a wide range, the object being to remove ether. The distillate 
was thoroughly shaken (occasionally over a period of one hour) with 100 cc. of saturated 
bisulfite solution to remove diketone. In most cases a solid separated, necessitating 
suction filtration. Finally, the product was redistilled in a vacuum, the yield being 
about 50% of the theoretical amount. 

Freshly Wt. 
distilled taken, CO2, HtO, Carbon. % 
acyloina 

Hydrogen, % 
mg. mg. mg. Calcd. Found Calcd. Found 

propionoinb 26.38 60.75 23.79 62.02 62.81 10.42 10.09 
CsHlzOn 23.41 54.06 21.39 62.98 10.22 

27.67 63.92 26.16 62.99 10.58 
n-Butyroinc 20.55 50.22 20.52 66.61 66.63 11.18 11.17 
CsHisOn 18.54 45.45 18.39 66.86 11.10 
lsobutyroind 24.44 59.43 24.36 66.61 66.32 11.18 11.16 
CaIi~aOg 
n-Valeroine 21.75 55.76 23.04 69.70 69.92 11.71 11.85 
GoHaoOz 22.43 57.68 23.39 70.13 11.67 
lsovaleroinl 19.98 51.39 20.86 69.70 70.13 11.71 11.68 
CloHaoOa 16.26 41.70 16.58 69.93 11.41 
n-Capronoin

g 
19.97 52.95 21.75 71.93 72.30 12.08 12.18 

C1zHz4Oa 18.25 48.38 19.07 72.28 11.69 
17.90 47.66 19.09 72.59 11.93 

Isocapronoin 21.66 57.13 23.35 71.93 71.92 12.08 12.06 
CIZHZ~OZ 
3,8-Dimethyldecanol- 
5-one-6, C1~H~,02 19.49 51.33 20.70 71.93 71.83 12.08 11.88 

3,3,6,6-Tetramethyloctanol-4-one-5. 
C1aHz4Oz 18.81 49.70 19.86 71.93 72.06 12.08 11.81 

a The ethyl butyrate used in the preparation of n-butyroin was kindly furnished by 
the Waukegan Chemical Co. The ethyl esters of isobutyric, n-valeric, isovaieric, 
n-caproic, isocaproic and 8-methylvaleric acids were obtained by the oxidation of the cor- 
responding primary alcohols [Robertson, "Organic Syntheses," John Wiley and Sons, 
Inc., New York, 1925, Vol. V, p. 231. The resulting esters (isobutyl isobutyrate, 
n-amyl n-valerate, etc.) were saponified. The free acids were liberated, purified by dis- 
tillation and finally esterified with ethyl alcohol. The ethyl ester of dimethylethyl- 
acetic acid was prepared from tert.-amyl magnesium chloride plus carbon dioxide [Cor- " 
son, Thomas and Waugh, THIS JOURNAL, 51, 1950 (1929)l. The amyl alcohols used in 
the synthesis of the four caproic acids were generously furnished by the Sharples Solvent 
Co. Anderlini, Gaza. chim. ita1.,.25, 11, 51, 128 (1895). Schmitz, Ber., 24, 1273 
(1891). Basse and Klinger, ibid., 31, 1218 (1898). Basse and Klinger, ibid., 31, 
1221 (1898). ' Feigl, ibid., 58, 2299 (1925). ' Bouveault and Locquin, B d l .  SOC. 

chim., [3] 35, 641 (1906). 
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PWSICAL CONSTANTS 

*53.6 d'fD(nt) M D ~ )  
B. P., OC. (corr.) n Caled. Pound Calcd. Found 

Propionoin 5%83(3mrn.) 1.41890.9310 31.26 31.39 51.8 52.1 
n-Butyroin 80-82 (10 mm.) 1.4242 .9160 40.40 40.12 67.0 66.7 
Isobutyroin 55-57 (3 mm.) 1.4159 .8990 40.40 40.16 67.0 66.6 
n-Valeroin 90-92 (3 mm.) 1.4298 .9000 49.54 49.38 82.2 82.2 
Isovaleroin 94-97 (12 mm.) 1.4260 .8930 49.54 49.32 82.2 82.0 
a-Capronoin 105-107 (3 mm.) 1.4339 .8900 58.69 58.51 97.4 97.5 
Isocapronoin 101-103 (3 mm.) 1.4326 .8865 58.69 58.60 97.4 97.6 
3,SDimethylde- 

canol-5-one4 102-104 (3 mm.) 1.4330 .8880 58.69 58.51 97.4 97.5 
3,3,6,6-Tetramethyl- 96-97 (3 mm.) 1.4471 .9300 58.69 57.58 97.4 96.2 

octanol-4-one-5" (m. p., * 12O) 
" In this one case it should be noted that the actual molecular refraction did not 

check the theoretical. The carbon-hydrogen analysis, however, was satisfactory. 

Carbon-hydrogen Analysis of Aey1oins.-Aliphatic acyloins are difficult sub- 
stances to burn properly. In order to obtain consistent analytical results the  combus- 
tion must be slow and more oxygen than usual must be passed through the combustion 
tube. These substances are too volatile to be weighed in the usual combustion boat. 
Using Pregl's method of weighing the substance in small tubes containing a little potas- 
sium chlorate and ending in capillary tips, there were often small explosions during the 
combustion and finally one explosion was so violent that it wrecked the combustion tube. 
These explosions were due to the fact that the liquid did not vaporize from the tip but 
was forced out in drops by the pressure within. Finally, small ground-glass stoppered 
pyrex tubes (50 X 9 mm.) were used. These were ignited, cooled in a desiccator and 
weighed in a little wire frame which sat on the balance pan. The tube was then trans- 
ferred to another wire frame and two drops of liquid were dropped into the tube from a 
small pipet. The tube was then half filled with previously ignited copper oxide powder, 
the ground-glass stopper was inserted and the tube was re-weighcd. These tubes are 
easily handled by means of steel tweezers with curved tips. 

Sodium Bisulfite Addition Product of Diketones.-Usually the amount of solid 
obtained on treatment of the crude acyloin with sodium bisuliite was small and was not 
further investigated. Bouveault removed diketone by means of bisulfite solution 
but he did not observe the formation of any solid product. Incidentally, we substan- 
tiated Bouveault's finding that ether interferes with the removal of diketone by means of 
bisulfite. With one run of isovaleroin which had stood for two weeks before i t  was 
worked up, bisulfite occasioned an appreciable warming and a considerable quantity 
of solid was obtained. The air-dried salt was analyzed and almost the theoretical 
figure was obtained for the sodium bisulfite addition product of the diketone. Later, 
the solids from n-capronoin and isobutyroin were analyzed and about twice the theo- 
retical sodium percentage found; but there was this difference in procedure-the first 
salt was merely air-dried, whereas the last two were dried at  100° in a vacuum over con- 
centrated sulfuric acid. The first analysis was therefore repeated on a sample which 
had been thoroughly dried, and the sodium percentage was then found to  be about 
twice the theoretical. During the drying of the isovaleroin product considerable yellow 
oil came out of the solid and slowly evaporated into the sulfuric acid which was the drying 
agent. No oil was noticed in the drying of the other two salts. 

Solid from Crude 1sovaleroin.-Anal. Calcd. for QoH2008N&Sa: Na, 12.4. 
Found: Na, 12.8 (air-dried) ; 28.5 (dried at  100 '1. 
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Solid from Crude n-Capronoin.-Anal. Calcd. for Cl2H2r08SINa2: Na, 11.3. 
Found: Na, 24.4. 

Solid from Crude 1sobutyroin.-Anal. Calcd. for CsHleOaSzNa?: Na, 13.1. 
Found: Na, 24.8. 

These values are very close to that of sodium bisulfite (Na, 22.1) and sodium pyro- 
sulfite (Na, 24.2). Possibly these addition products decompose at  100' into diketone 
and bisulfite. 

Photochemical Decomposition.-Many analyses were made on acyloins which had 
been exposed to light for various lengths of time but in Table I11 are listed only those 
values which are farthest from the percentages of the original acyloins. The acyloins 
whose analyses are recorded below were exposed to sunlight for about two weeks. How- 
ever, a much shorter exposure causes a decided change in the carbon and hydrogen per- 
centages. This change seems to be least with the two capronoins, 3,8-dimethyl-decanol- 
5-one-6 and 3,3,6,6-tetramethyl-octanol4-one-5. In every case the percentage of car- 
bon and hydrogen dropped except with isocapronoin, where exposure to light resulted 
in raising the figures for both carbon and hydrogen. 

Acyloin exposed 
to sunlight 

Propionoin 
n-Butyroin 
Isobutyroin 
n-Valeroin 
Isovaleroin 
n-Capronoin 
Isocapronoin 
3,8-Dimethyldecanol-5-one-6 
3,3,6,6-Tetramethyl-octanol-4- 

one-5 

ANAI 
Taken, 

mg. 
21.66 
22 07 
18.43 
21.20 
17.65 
22.34 
18.60 
17.43 

;YTICAL DATA 

C02, HzO, 
mg. mg. 

46.63 18.13 
49 75 19 73 
43.33 17.53 
53.14 20.14 
44.59 17.45 
56.58 22.35 
49.48 20.60 
45.83 17.17 

Carb 
Calcd. 

62.02 
66 61 
66.61 
69.70 
69.70 
71.93 
71.93 
71.93 

on. % 
Found 

58.71 
81 48 
64.12 
68.36 
68.90 
69.07 
72.55 
71.70 

Hydrogen, % 
Calcd. Found 

10.42 9.36 
11.18 10,00 
11.18 10.64 
11.71 10.63 
11.71 11.06 
12.08 11.19 
12.08 12.39 
12.08 11.03 

Identification of Butyroin.-At first erratic analyses forced us to doubt that these 
substances were really acyloins. At this time we did not realize that aliphatic acyloins 
are difficult substances to burn and that they also undergo photochemical decomposition. 
Two derivatives of butyroin were prepared following Bouveault's directions. 

Butyroin Acetate.-The boiling point was 113-115' (21 mm.), which is in agree- 
ment with Bouveault's figures, 117-118" a t  21 mm. 

Anal. Calcd. for CloH~sOa: C, 64.47; H, 9.75. Found: C, 65.06 ; H, 10.11. 
Butyroin 0sazone.-A good yield of yellow crystalline solid resulted. The com- 

pound melted a t  140.5-141' (corr.), which agrees as well as can be expected with the 
uncorrected values given in the literature, 135",6 and 138O.7 

Reaction between Sodium and n-Valeric Acid.-The reaction was carried out in the 
usual manner except that free acid was substituted for ester. A white solid quickly 
appeared which did not turn yellow or red as is the case when the reactant is ester. 
After standing for the usual length of time, a sample of this solid was removed, washed 
with dry ether, dried between filter paper and analyzed. The product was sodium 
valerate. 

Anal. Calcd. for CsHoOlNa: Na, 18.6. Found: Na, 16.9. 

6 Klinger and Schmitz, Ber., 24, 1271 (1891). 
Basse and Klinger, ibid., 31, 1219 (1898). 



OC~. ,  1930 CARBOHYDRATES AND POLYSACCIHARfDES. XXX 3995 

When the run was worked np in the usual manner no valeroin was found. On the 
other hand, 50% of the valeric acid was recovered from the alkaline water layer. 

Summary 
Detailed directions are given for the preparation of aliphatic acyloins. 

Approximately 50y0 yields of the following acyloins were obtained: pro- 
pionoin, n-butyroin, isobutyroin, n-valeroin, isovaleroin, n-tapronoin, iso- 
capronoin, 3,8-dimethyldecanol-5-one-6 and 3,3,6,6-tetramethyl-octanol- 
4-one-5. The last three substances are new. 

Aliphatic acyloins easily undergo photochemical decomposition. 
MIDDLEBURY, VERMONT 

[COMMUNICATION FROM THE DEPARTMENT OP INDUSTRIAL AND CELLULOSE CHEMISTRY, 
MCGXLL UXIVER~~TY 1 

STUDIES ON REACTIONS RELATING TO CARBOHYDRATES AND 
POLYSACCHARIDES. XXX. THE COMPARATIVE 

HYDROLYSIS OF SOME DISACCHARIDES AND 
POLYSACCWARIDES 

BY HAROLD HIBBERT AND EDMUND G. V. PERCIVAL' 
RECEIVED JUNE 18, 1930 PUBLISHED OCTOBER 6, 1930 

Introduction 
The problem of the relative ease of hydrolysis of disaccharides and of 

polysaccharides such as starch and cellulose is an important one, not only 
from the scientific, but also from the industrial standpoint. Thus its 
solution is of great importance for a thorough understanding not onlyvof 
the role played by starch as a "reserve material" in the vegetable kingdom 
but also of the close inter-relationship existing between starch and cellulose 
in plant metabolism. Also since it may be assumed that the structure of 
cellulose as a long chain of cellobiose units is now established on a reason- 
ably firm basis, and that starch is presumably derived in a similar manner 
from maltose, the inter-relation of the reactions involving both analysis 
and synthesis of these products is of considerable interest. 

It would also seem that a more intimate knowledge of the relative ease of 
hydrolysis of these products into glucose might throw some light on their 
relative stability and the bearing of the latter on the mode of linkage in the 
long-chain polysaccharides. Many of these hydrolytic changes, as shown 
in other researches to be published later, can be readily brought about 
under the influence of bacterial action as well as by the enzyme isolated 
from such organisms. There thus exists the possibility of co-relating two 
widely different types of hydrolytic agents. 

1 Research Fellow, Pulp and Paper Research Institute, Montreal, Canada. The 
authors desire to express their thanks to the Canadian Pulp and Paper Association for 
financial assistance rendered in connection with this investigation. 
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Part I. Hydrolysis of Derivatives of Glucopyranose 

The hydrolysis of starch by dilute acids has been investigated by Nanji 
and BeazeleyJ2 DefrenJ3 Meyer, Hopff and Mark4 and others. Similarly 
Sherrard and GaugerJ6 Ost and WilkeningG and Simonsen7 have studied the 
hydrolysis of cellulose by dilute acid. Since heat has to  be applied, how- 
ever, there is extensive decomposition of the glucose formed and the 
results are of no interest for comparing the two polysaccharides, the more 
so as cellulose is not dispersed in dilute acid. 

Willstatter and Zechrneistd dissolved cotton cellulose in 41% hydro- 
chloric acid and followed the course of the hydrolysis by observing the 
change in the specific rotation of the solution, and its reducing power. 
A discontinuity in the curve after about three hours was taken to indicate 
the presence of cellobiose. Sherrard and l?roehlke

g 
and Cunninghamlo 

employed a similar method, and Konig and Hiihn" used a solution of zinc 
chloride in hydrochloric acid to disperse and hydrolyze cellulose. 

Daish12 investigated the hydrolysis of starch and maltose using fuming 
and concentrated hydrochloric acid, and he compared his results with 
those of Willstatter and Zechmei~ter.~ Although his values indicate that 
starch hydrolyzes much more rapidly than cellulose, the fact that the 
experiments were not conducted under comparable conditions detracts 
from their value for purposes of comparison. Daish12 indeed showed that 
maltose was hydrolyzed a t  about the same speed as starch itself, but as to 
how far the hydrolysis of cellulose is concerned with the breakdown of 
cellobiose was still left undecided. Freudenberg, Wolf, Knopf and Za- 
heer,13 carrying out hydrolyses with N sulfuric acid a t  70°, showed that 
cellobiose is much more difficult to break down than maltose. Willstatter 
and ZechmeisterS had also called attention to the resistance towards hy- 
drolysis of this disaccharide. 

Selection of Reaction Medium 
Instead of the inconvenient, fuming hydrochloric acid, it was decided to 

use zinc chloride, dissolved in hydrochloric acid, for the experiments on 
glucopyranose derivatives. 

Nanji and Beazeley, J. Soc. Chem. Ind., 215T (1926). 
J "Eighth International Congress of Applied Chem.," 13, 113 (1912). 

Meyer, Hopff and Mark, Ber., 62, 1103 (1929). 
Sherrard and Gauger, J.  Ind. Eng. Chem., 15,1164 (1923). 
Ost and Wikening, Chem.-Ztg., 34, 461 (1916). 

1 Simonsen, Z .  angew. Chem., 11,219 (1898). 
8 Willstfitter and Zechmeister, Ber., 46,2401 (1913). 
9 Sherrard and Froehlke, THIS JOURNAL, 40, 173 (1918). 

10 Cunningham, J. Chem. Soc., 113,173 (1918). 
" Konig and Hiihn, "Bestimmung der Zdlulose in Holzarten," 1912, p. 55. 
la Daish, J. Chem. SOC., 105, 2053 (1914). 
lVreudenberg, Wolf, Knopf and Zaheer, Ber., 61,1743 (1928). 
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In the case of certain anhydrofmdose compounds which were to be ia- 
vestigated, it was found advisable, owing to the rapidity of the hydrolysis 
and the decomposition of the fructose, to employ 0.1 N oxalic acid a t  6 5 O .  

Preparation of Materials 
Cellulose.-The mateijal used was a pure absorbent cotton, having an a-cellulose 

value of 99.1 %; ash, 0.05%, after drying a t  60' (15 mm.). 
6-Cel1obiose.-This disaccharide was prepared from cellobiose octa-acetate (m. p. 

227"), by the method of Maquenne and Goodwin,laas modified by Haworth and Hiist.16 
The product after purification had [a]: 35'; m. p. 215'. 

Cellodextrin (Cellobiosan) was prepared by Mr. J. G. Morazain, of this Laboratory, 
according to the method of Hess and Friese'6 (see also Meyer and Hopff);17 [a]? in 2 
N NaOH, -4.1 O. 

Starch.-This was Kahlbaum's pure soluble starch for analysis, dried at 60' (15 mm.). 
1nulin.-"Kiliani inulin" was "recrystallized" according to the method of Drew and 

Haworth's and dried at  60' (15 mm.). 
Levan.-This was supplied by Mr. R. S. Tipson19 of this Laboratory, and obtained 

by the action of Baczllus mesentericus on sucrose; after electrodialysis i t  was precipi- 
tated twice with alcohol; [aIa: -40°, dried at  60' (15 mm.). 

The maltose, lactose, glucose, fructose, sucrose and galactose used in these experi- 
ments were authentic samples as shown by their physical constants, and were dried over 
phosphoric oxide in a vacuum. 

The solvent, hereafter called (A), used in the experiments on the glucopyranose 
derivatives was a solution of anhydrous zinc chloride (1 part) in concentrated hydro- 
chloric acid (d, 1.180) (2 parts) and was of d:3 1.464. 

For the anhydrofructose derivatives 0.105 N oxalic acid (solution B) was used as the 
hydrolyzing agent. 

The optical measurements were made with the FriE polarimeter recommended by 
the U. S. Bureau of Standards." All solutions were kept a t  23 * 0.1 by the use of a 
jacketed tube, except when oxalic acid was employed as hydrolyzing agent, in which 
case the temperature was 65 * 0.2'. 

Throughout these experiments K is calculated from the formula 

derived from the equation for a monomolecular reaction, in which t is time 
in seconds, a0 is initial value of specific rotation (extrapolated), a, is final 
value of specific rotation and cu, is rotation at time t. 

Experimental 
For purposes of comparison it is necessary to have the cellulose com- 

pletely dispersed prior to the hydrolysis and to carry out the experiments 
l4 Maquenne and Goodwin, Bull. soc. chim., 31, 954 (1904). 
l6 Haworth and Hirst, J. Chem. Soc., 119, 193 (1921). 
l6 Hess and Friese, Ann., 450,40 (1926). 
" Meyer and Hopff, Ber,, 63,790 (1930). 

Drew and Haworth, J. Cltem. SOC., 133,2690 (1928). 
l9 Hibbert and Tipson, unpublished research. See preliminary note. THIS JOURNAL, 

52, 2582 (1930). 
" U. S. Bureau of Standards. Bulletin No. 44. 
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under identical conditions of temperature, because the velocity of a re- 
action is so markedly influenced by that factor. 

The Hydrolysis of Cotton Cellulose at 23 '.-About 0.25 g. of the dry material was 
weighed out accurately into a dry stoppered bottle, and 50 cc. of the solvent (A), at  
23 ", was added by means of a pipet. The mixture was shaken vigorously for five min- 
utes and then carefully filtered through a weighed asbestos Gooch crucible, taking care 
to  avoid loss of hydrogen chloride by employing the minimum amount of suction. 
The clear solution was transferred to the polarimeter tube and readings were taken a t  
convenient times until the rotation became constant. 

0 200 400 600 800 
Time in minutes. 

Fig. 1.-Rate of hydrolysis in zinc chloride-hydrochloric acid 
solution at 23': 1, cellulose, 0 ;  2, cellodextrin 0; 3, cellobiose, 
9; 4, starch, e; 5, maltose, 0; 6, lactose, A. 

The Gooch crucible was washed with distilled water and alcohol, dried at  105O, 
weighed and the increase in weight subtracted from the original weight of cellulose. 
This method was adopted because otherwise a slight cloudiness obscured the rotation. 
The amount of insoluble material after five minutes was usually about 7%. [a]: was 
calculated on the basis of glucose, i. e., [a]y observed X (162/180). 

The rotation of anhydrous glucose in the same solvent (A) gave [a]: +73.1 for 
C = 1. 

The results are to be found in Table I and are plotted as Curve 1, Fig. 1. 
The Hydrolysis of &Cellobiose at 23".-This disaccharide is com- 

pletely soluble in solvent (A) to give a clear solution. The results are to be 
found in Table I1 and are plotted in Curve 3, Fig. 1. 
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TABLR I 
TH& HYDROLYSIS OF CELLULOSE AT 23' 

Concentration, 0.454 g. of cellulose in 100 cc. of solvent (A) 
Time, min. [a]: K x 10' Time, min. [a]: K x 1 0 4  

0 0 . . . 335 51.5 0.61 
42 4- 3.4 0.18 355 54.9 .66 
75 6.9 .22 365 55.6 .66 

105 14.4 .35 392 58.3 -69 
156 24.0 .47 429 61.7 .73 
160 27.4 .49 479 65.2 .79 
182 30.9 .51 502 67.2 .83 
199 32.9 .50 565 69.9 .96 
223 35.0 .49 625 72.0 1.24 
255 41.0 .M 665 72.7 . . . 
298 48 0 .60 700 $72.7 . . .  
315 49.4 .60 

The reaction is thus shown not to be of the monomolecular type. Mean value of 
K = 0.61 x 10-4. 

TABLE I1 
EXPERIMENTAL RESULTS 

Concentration, 0.574 g. of cellobiose in 100 cc. of solvent (A) 
Time, min. [a]; K X 10' Time, min. [a]:: K X 104 

0 f 46.1 . . 136 60.2 0.91 
2 46.4 0.90 180 63.0 .93 

10 46.5 .89 250 66.5 .95 
16 48.7 1.05 296 68.7 1.02 
21 49.9 1.20 339 69.3 0.96 
37 52.1 1.13 388 70.5 1.00 
61 54.4 1.10 449 71 6 1.07 
94 56.3 0.95 508 73.1 . . 

113 59.0 .96 560 4-73.1 . . 
Mean value of K = 1.0 x The reaction is of the monomolecular type. 

The Hydrolysis of Cellodextrin at 23O.-The results (Table 111) indi- 
cate that the hydrolysis is not monomolecular, and that the polysaccharide 
occupies an intermediate position between cellulose on the one hand and 
cellobiose on the other. The values are plotted in Curve 2, Fig. 1. 

TABLE 111 
EXPERIMENTAL REsTJLTS 

Concentration, 0.550 g. of cellodextrin in 100 cc. of solvent (A) 
Time, min. [a]: K X 10' Time, min. [a]: K x 1 0 4  

0 $16.5 . . 238 4Ej. 0 0.52 
12 18.4 0.48 287 52.2 .57 
39 22.7 .50 394 62.6 .73 
71 26.4 .46 443 67.5 .91 

101 29.5 .44 513 69.9 .99 
123 32.8 .46 573 72.5 . . 
190 43.0 .56 600 f72.5 . . 
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The Hydrolysis of Starch at 23O.-Using the same technique, the 
hydrolysis of starch was investigated. The results are to be found in 
Table IV and are plotted on Curve 4, Fig. 1. 

TABLE IV 
EXPERIMENTAL RESULTS 

Concentration, 0.448 g. of starch per 100 cc. of solution 
Time, min. [a]:: K X 104 Time, min. [a]: K X lo4 

0 +200.0 . . 102 103.0 2.36 
12 169.7 3.79 109 98.6 2.05 
19 165.6 2.77 114 97.4 2.41 
32 151.7 2.49 133 90.4 2.46 
39 142.6 2.58 155 87.0 2.58 
47 136.0 2.49 185 80.0 2.40 
55 132.1 2.32 205 77.0 2.49 
66 126.0 2.27 219 76.5 2.73 
73 120.0 2.29 258 73.0 . . 
82 115.6 2.25 300 +73.0 . . 
90 109.2 2.33 

Mean value of K = 2.45 X 10-k The reaction is apparently monomolecular after 
the first half hour. 

T&e Hydm!jrsis of IS5aItose at 23O.-The results depicted in Table V 
and plotted in Curve 5, Fig. 1, indicate that the reaction is monomolecular. 

TABLE V 
EXPERIMENTAL RESULTS 

Concentration, 0.552 g. of maltose in 100 cc. of (A) 
Time, min. [a]:: K X 104 Time, min. [a]: K X 104 

0 +142.8 . . 100 90.0 2.36 
2 140.1 . . 125 85.3 2.33 
9 137.1 1.84 136 83.1 2.37 

23 122.2 2.46 160. 80.2 2.36 
31 116.1 2.68 188 77.4 2.43 
45 110.3 2.36 239 74.5 2.60 
55 104.2 2.47 250 72.8 . . 
75 97.2 2.37 270 +72.8 . . 
90 92.3 2.44 

Mean K = 2.40 X lo-'. 
TABLE VI 

THE HYDROLYSIS OF LACTOSE AT 23O 
Concentration, 1.560 g. of lactose in 100 cc. of solvent (A) 

Time, min. [a]: K X 104 Time, min. [a]: K X 10" 

0 +72.4 . . 133 87.7 2.49 
4 72.8 . . 161 88.8 2.78 

28 73.0 . . 182 89.9 2.67 
56 76.9 2.80 216 92.0 2.57 
73 81.7 2.90 247 92.8 2.83 
90 83.4 2.63 275 93.5 . . 

113 85.4 2.43 300 +93.5 . . 
Mean value of K = 2.84 X The reaction again is of the monomolecular type. 
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Since the results seemed to indica€e:that! a @-hiox is hydrolyzed much 
more slowly than an a-biose, it appeared of interest to determine whether 
lactose (which is a 8-galadoside) ,hydrolyzes w slowly as cellobiose~ The 
results are to be foupd in Table VI and &re plotged in Curve 6, Fig. 1. 

Discussion of Results 
Table VII shows the mean values of the hydrolysis constant K for the 

substances indicated. 
TABLE VII 

VALUES OF THE HMROLYSIS CONSTANT 

Substance Cellobiose Starch Maltose Lactose 
K x 10' 1.00 2.45 2.40 2.84 

These experiments establish the fact that no generalization can be 
made as to the rate of hydrolysis of a disaccharide, and the mode of union 
of the building units with one another. This was also emphasized by 
Freudenberg, Wolf, Knopf and ZaheerIia who carried out the hydrolyses a t  
70' in N sulfuric acid solution for a large number of glucosides and di- 
saccharides. These workers showed that under their experimental condi- 
tions, maltose (a-linkage) is hydrolyzed more than twice as rapidly as 
cellobiose (P-linkage) and that lactose (B-linkage) is hydrolyzed a little 
faster than maltose; this is confirmed by the present results. 

The conclusions of Willstatter and Zechmeiste9 with regard to the dis- 
continuity in their curve for the hydrolysis of cellulose are not confirmed in 
the present instance and it is suggested their results are possibly due to 
temperature variations. There would appear to be no theoretical signifi- 
cance whatever to the discontinuity as found by these authors. It would 
mean either that the hydrolysis had stopped, or that a substance of zero or 
negative rotation was being formed, whereas cellobiose was shown to have a 
positive equilibrium rotation value in their solvent. It is noteworthy that 
these authors in their determination of the reducing power found no such 
steps in the curve, and the same may be said of the results of Sherrard and 
Fr~ehlke.~ 

The slow hydrolysis of cellulose is due to a great extent to  the slow 
hydrolysis of cellobiose. The reaction is not monomolecular and the hy- 
drolysis constants tend toward the value experimentally found for cello- 
biose under the same conditions. 

If cellobiose is a reversion product as HessZ1 suggests, the time for the 
hydrolysis would be abnormally long because the following chain of re- 
actions must, in this case, take place 

Cellulose - Glucose + Cellobiose + Glucose 
' 

The fact that the cellobiosan of Hess and ~ r i e se '~  (which is regarded as a 
cellulosedextrin in the recent paper by Meyer and Hopff)" occupies an 

Hess, "Die Chemie der Zellulose," Leipzig. Germany, 1928, p. 494. 
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intermediate position between cellulose and cellobiose is further evidence 
against Hess' viewpoint. 

The observations of Konig and Hiihn, who found maxima in the case of 
the hydrolysis of different celluloses using solvent (A), are not confirmed 
except that it is apparent that the maxima they refer to are due to the 
destruction of glucose on standing, the solution becoming yellow and 
diminishing in [a]h after thirty hours. 

Willstatter and Zechmeistefl considered that the amount of isomaltose 
formed in a 1% solution of glucose in fuming hydrochloric acid was negli- 
gible. This has been contested by lrvine and Soutarz2 but there seems to 
be little doubt that in the dilute solution used for these experiments (0.5%) 
the amount of isomaltose present a t  equilibrium would not affect the 
conclusions. 

The difference in the rate of hydrolysis of starch and cellulose under 
identical conditions is shown to be due mainly to the difference in the 
rates of hydrolysis of the corresponding disaccharides, maltose and cello- 
biose, respectively. There would seem to be, therefore, no foundation for 
the belief that the glucose units in these polysaccharides possess a different 
ring system; the only difference between starch and cellulose, as far as 
hydrolysis is concerned, would seem to be due to the mode of linking of the 
glucose residues and the physical nature of the substances (see also Ha- 
worthz3 and Meyer, Hopff and Mark4). 

It has been shown (Table 111) that after the first half hour the hydrolysis 
of starch is practically monomolecular. Daish, using both concentrated 
and fuming hydrochloric acid, concluded that the hydrolysis of starch was 
not monomolecular but varied about 20% from that condition. He 
showed, however, that maltose did follow a monomolecular course and 
indicated that the two substances were hydrolyzed at almost the same rate. 
This is confirmed by the present series of observations. 

The great influence of concentrated hydrochloric acid on the equilibrium 
rotation value was pointed out by Daish and has been observed repeatedly 
by other workers. 

In the particular case of the zinc chloride-hydrochloric acid solvent (A) 
used, the equilibrium rotation between a- and 8-glucose is shifted from 
+52.5 to +73.1°. 

Part I1 
The Hydrolysis of Derivatives of Anhydrofructose.-It was of particular 

interest to determine the relation of levan to inulin. The former, as shown 
by Hibbert and Tipson,lg consists of y-fructose units linked together in the 
2,6-positions. On the other hand, Haworth and Learner24 provide con- 

52 Irvine and Soutar, J. Chem. Soc., 117, 1489 (1920). 
2a Haworth, "The Constitution of Sugars," London, 1929, pp. 83, et sep. 
24 Haworth and Learner, J.  Ckcm. Soc., 133, 619 (1928). 
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clusive evidence that inulin consists of fructofuranose units joined in the 
1,2-positions. 

Experiments on the comparative hydrolyses of these polysaccharides 
were carried out a t  65 O.ZO using N/10 oxalic acid solution (B). 

Experimental 

The solutions were made up a t  70' and rapidly transferred to the jacketed 
polarimeter tube. Corrections for the expansion of the glass, pipet and 
contained liquid were applied and all the results are calculated with the 
volumes reduced to 20°. 

0 20 40 60 80 
Time in minutes. 

Fig. 2.-Rate of hydrolysis in N oxalic acid solution a t  65': 1, sucrose, 0 ;  
2. inulin, e; 3, levan, 0. 

The specific rotation of fructose a t  6 5 O  may be calculated from the 
equation of Jungfleisch and G~-irnbert.~~ 

[aItD = - [101.38 - 0.56t + 0.108(6 - lo)] 
where t is temperature in OC., and c is concentration in grams per 100 cc. 
Thus for a 1% solution at  65' [a]: = - 64.0 in water; found, [a]g - 64.9 
in solvent (B) for fructose. 

The Hydrolysis of Inulin at 6S0.--The results are given in Table VIII 
and plotted in Curve 2, Fig. 2. 

25 Jungfleisch and Grimbert, Compt. rend., 107,390 (1888). 
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TABLE VIII 
'ib HYDROLYSIS OF INU~IN A r  65O 

Concentration, 1.172 g. of inulin in 100 c c  of solvent (B) 

Time, min. [a]: K X 104 Time. min. [a]: K x 104 

0 -38.0 . . 32 52.5 4.94 
2 39 2 4 91 35 53.3 5.10 
6 42.1 4.14 43 56.1 6.80 
12 43 5 4 34 49 57.5 . . 
15 45.7 5.10 57 58.7 . . 
21 47 8 5.02 70 -58.7 . . 
27 50.5 4.75 

Mean value of K = 5.01 X lo-'. Final [aIa,6 = -80.Q0. Calcd. for i nu l i  100% 
fructose = -85.2". yo fructose from inulin = 94.0%. 

The reaction does not appear to be monomolecular. 

The Hydrolysis of Levan at 6S0.-The results are given in Table IX and 
plotted in Curve 3, Fig. 2. 

TABLE IX 
THE HYDROLYSIS OF LEVAN AT 65' 

Concentration, 1.227 g. of Iwan in 100 cc. of solvent (B) 
Time, min. [a]: K X 10' Time, min. [a]: K x 104 

0 -38.0 . . 29 52.1 5.99 
3 39.4 3 64 33 53.3 6.00 
6 41.9 5.42 35 54.6 6.68 
11 43 2 4.08 39 55.9 7.18 
15 45.2 4.40 44 57.7 8.56 
22 48.3 4.77 47 59.7 . . 
25 50.8 5.72 52 60.0 . . 

70 -60.0 . . 
Mean value of K = 5.66 X lo-'. [ala; -83.0'. Calcd., -85.8'. Q/o fructose 

from levan = 96.7%. The reaction is not monomolecular. 

The Inversion of Cane Sugar at 6S0.-The results are given in Table X 
and plotted in Curve 1, Fig. 2. 

TABLE X 
%h.E INVERSION OF CANE SUGAR AT 65' 

Concentration, 1.258 g. of sucrose in 100 cc. of solvent (B) 
Time, min. [a]: K x 104 Time. min. [a]: K X 10' 

0 $61.5 . . 
2 56.4 5.49 
4 52.5 6.30 
6 48.7 6.19 
12 37.1 6.65 
16 31.3 6.63 
19 26.9 6.80 

Mean value of K = 6.50 X 10-4. 

23 23.1 6.62 
30 16.6 6.71 
37 11.5 6.81 
47 6.4 6.95 
55 4-1.3 . . 
61 -2.6 . . 
70 -2.6 . . 

These figures indicate a monomolecular reaction. 
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Discussion of Results 

It is to be noticed that inulin yields only 94% while Ievan yields 977' of 
its weight as fructose according to the values of the specific rotations. 

This has been noted repeatedly in the case of inulin and is attributed to  a 
difructose anhydride by Jackson and G ~ e r g e n . ~ ~  

It appears that the three anhydrofructose derivatives studied hydrolyze 
under the experimental conditions at about the same speed. This is illus- 
trated in Table XI, showing the mean velocity constants. 

TABLE XI 
MEAN HYDROLYSIS CONSTANT AT 65' 

Substance Sucrose Levan Inul i  
R x 10' 6.50 5.66 5.01 

The constants in the case of levan and inulin (Tables IX and X) indicate 
that the process is not monomolecular, since the values of K, in general, 
rise. They are sufficiently close, however, to indicate that these two poly- 
saccharides belong to the same group ol substances. 

Summary 

1. The rates of hydrolysis of cellulose, cellobiose, cellodextrin, starch, 
maltose and lactose, in a zinc chloride-hydrochloric acid solution, are 
compared at 23'. 

2. It is concluded that the slow hydrolysis of cellulose is, in a large 
part, due to the slow hydrolysis of cellobiose; that cellobiose is not a re- 
version product, and that there seem to be no grounds to suppose that 
starch and cellulose are essentially different, except for the a-linkages in 
the former and the 8-unions in the latter. 

3. The rates of hydrolysis of sucrose, levan and inulii in 0.1 N oxalic 
acid solution at 65' have been measured. 

4. I t  is established that these anhydrofructose derivatives hydrolyze a t  
almost the same rate and it is concluded that this behavior is related t o  the 
7-fructose residue present in each. 

5. The technique developed is of possible application in the determina- 
tion of the configurations of unknown polysaccharides. 

MONTRBAL, CANADA 

26 Jackson and Goergen, U. S. Bureau of Standards, Journ. Res., 3,28 (1929). 
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PIPERIDINE DERIVATIVES 
X. THE PHENYLPIPERIDnCARBINOLS 

BY KENNETH E. CROOK AND S. M. MCELVAIN 
RECEIVED JUNE 20, 1930 PIJBLISHED OCTOBES 6, 1930 

Since the publication1 of the summarized work of Chen and others on the 
pharmacological properties of ephedrine, a number of papers have ap- 
peared in the chemical literature in which the preparation and properties of 
certain synthetic homologs of this important drug have been des~ribed.~ 
These synthetic compounds in general have been of the type ArCHOH- 
CHRINHRz, where Ar is a phenyl or alkyl substituted phenyl radical and 
R1 and Rz are various alkyl radicals. In certain cases R1 is a phenylalkyl 
radical. 

This paper describes the preparation and properties of the three phenyl- 
piperidylcarbinols (I, 11,111) as an effort to extend the synthetic ephedrine- 
like compounds to other types of structure. The relationship between 
the structure of these carbinols and ephedrine (IV) seemed interesting on 

CeHr CHOHCH-NN-CH2 CsHs-CHOHCH-CHz-NH 
I I I I 

CHz-CHz-CH2 CHz-CH2-CH2 
I I1 

CsHa-CHOHCH- CH2-CH2 C6HsCHOHCH-NH-CHI 
I I 
CH2-CH2-NH 

I 
CH3 

I11 IV 

account of the fact that the secondary amino group could be placed a t  
different positions relative to the secondary alcohol group without in- 
creasing the carbon content of the molecule or altering materially the 
characteristic ephedrine-like structure. 

The phenyl-2-, -3- and -4-piperidylcarbinols were obtained by the 
catalytic reduction of 2-, 3- and 4-benzoylpyridine hydrochlorides using 
Adams' platinum-oxide platinum black catalyst. The 2-benzoylpyridine 
was so weakly basic that due to the hydrolysis of its hydrochloride the 
catalyst was rendered inactive by the precipitation of the free base upon it. 
This difficulty was overcome by carrying out the reduction with an excess of 
hydrochloric acid in the solution. No similar diaculty was encountered in 
the reduction of the 3- and 4-benzoylpyridine hydrochlorides. 

The reduction of 2-benzoylpyridine produced both diastereoisorneric 
racemic phenyl-2-piperidylcarbinols. One isomer (A) melted a t  141-142' 

Chen and Kao, J. Am. Pharm. Assocn., 15, 625 (1926). 
Adams, Hyde and Browning, THIS JOURNAL, 50, 2287 (1928); Johnson and 

Manske, ibid., 51, 1906 (1929); Fourneau and Barrelet, C. A., 24, 352 (1930); de Bur- 
uaga, C. A .  24,596 (1930) 
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and the other (B) melted a t  171-173". Both isomers were isolated as the 
free bases and in the ratio of about three parts of A to one part of B. It 
was found that isomer A could be changed into isomer B to some extent by 
heating a t  100' for forty-eight hours with 25% hydrochloric acid. The 
separation and purification of tbese racemic diastereoisomers are made 
possible by the fact that the hydrochloride of B is much more soluble in an 
alcohol-ether mixture than the hydrochloride of A, while the free base, B, 
is considerably less soluble than the free base A in water containing 4% 
alcohol. The details of the isolation and the conversion of the lower- 
melting into the higher-melting isomer are given in the experimental part 
of the paper. The amount of material that was available did not allow for 
any extended search to be made for the diastereoisomeric phenyl-3-piper- 
idylcarbinols; consequently only one of these racemic mixtures was ob- 
tained. Obviously such isomerism would not be present in a structure such 
as phenyl-4-piperidylcarbinol. 

The 2- and Pbenzoylpyridines were prepared by the oxidation of 2- and 
4-benzylpyridines. 3-Benzoylpyridine was prepared from nicotinic acid 
by the method of LaF~rge .~  

Pharmacological Properties.-The isomeric phenylpiperidyl carbinols 
are being studied pharmacologically by Messrs. Edward E. Swanson and 
Charles L. Rose of The Lilly Research Laboratories, Eli Lilly and Com- 
pany, Indianapolis, Indiana. They have reported that each of these 
carbinols has the same pharmacological properties as ephedrine, but is 
somewhat less active. The details of this pharmacological investigation 
will be published by them elsewhere. 

Experimental 
All melting points and boiling points herein given are corrected. 
The 2- and 4-benzyl- and benzoylpyridines were prepared by a modification and, 

it is believed, an improvement of the methods which have been described by Tschitschi- 
babin4 and LaForgeJ for these compounds. Since specific directions were not found in 
the available literature, the procedures which proved most satisfactory are given be- 
low in considerable detail. 

2-Benzy1pyridine.-A mixture of 300 g. of benzyl chloride, 200 g. of dry pyridine 
and 3 g. of powdered copper was placed in a 2-liter flask fitted with a reflux water con- 
denser and thermometer dipping into the contents of the flask. The mixture was slowly 
heated to 70°, after which the heat of the reaction caused the temperature to  continue to 
rise to about 115 ", when the liquid began to boil. At the first indication of boiling, the 
flask was surrounded by an ice-bath and cooled for three to five minutes until the violent 
reaction was over. The water condenser was then replaced by an air reflux condenser 
and the flask contents heated rapidly in an oil-bath to 225-230'. then slowly to  240- 
245'. A small amount of liquid distilling out of the top of the flask was discarded. 
The temperature was held a t  240-245' for three hours, after which time the reaction 

LaForge, THIS JOURNAL, 50, 2484 (1928). 
' Tschitschibabin, Ckem. Cenlr., 72, 11, 127 (1901); 73, I, 206 (1902); 87, 11, 146 
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mixture was cooled to 75-100°, poured-intu 750 cc. of warm water which contained 50 
cc. of coned. hydrochloric acid and chilled in an ice-bath. The black solution was poured 
off from a small amqunt of tar, made alkaline with sodium hydroxide, extracted with 
benzene, and the benzene solution dried over potassium hydroxide. After evaporation 
of the solvent, the material was distilled,' giving about 175 g. of crude benzylpyridines 
boiling between 260 and 310°, together with some higher-boiling material which was 
discarded. The 260-310" fraction was carefully fractionally distilled a t  atmospheric 
pressure through a 6-inch Vigreaux column sealed onto a flask. After three fraction- 
ations, the following fractions were obtained 

279-282". ............. .65-75 g. 285-288'. ............ .17-23 g. 
282-285 ". ............. .28-31 g. 288-299". ............ .12-20 g. 

The fractions boiling between 282 and 299" were used in the preparation of 4- 
benzoylpyridine (see below). 

Fifty grams of the 279-282' fraction was added to a solution of 105 g. of picric acid 
in 3 liters of alcohol and refluxed for thirty minutes. The solution was then quickly 
cooled to  about 32" in an ice-bath with stirring and the impure 2-benzylpyridine picrate 
which precipitated quickly filtered off. This crude picrate was dissolved in 3 liters of 
hot alcohol, cooled in an ice-bath with stirring to  about 32" and again rapidly filtered. 
A second recrystallization from the same quantity of alcohol, but cooled to 20" before 
filtering, yielded 57-59 g. of pure 2-benzylpyridine picrate, m. p. 139.5-140.5a. If the 
relative amount of alcohol used in recrystallization was decreased or the solutions cooled 
to  lower temperatures than indicated, additional recrystallizations were found to be 
necessary. 

A suspension of 40 g. of 2-benzylpyridine picrate in about 1 liter of hot water was 
made strongly alkaline with ammonium hydroxide. The 2-benzylpyridine separated 
as an  oil and, after cooling to 40°, was extracted with benzene. After drying over potash, 
the benzene was distilled off, leaving 1B.g. of 2-benzylpyridine which boiled a t  276.8- 
277.2 " (737 mm.). 

2-Benzoy1pyridine.-Eighty-eight grams of 2-benzytpyridme was suspended in 
about 2 liters of water contained in a 3-necked flask fitted with reflux condenser, me- 
chanical stirrer and thermometer which dipped below the surface of the liquid. To 
this suspension 115.5 g. of potassium permanganate was added in five or six portions. 
each portion being added only after the preceding ohe was practically decolorized. 
The temperature was held a t  70° until after addition of the last portion of the oxidizing 
agent, and then raised to 100° until all the permanganate had reacted. After cooling, 
the liquid was layered over with benene, stirred vigorously and the benzene solution of 
2-benzoylpyridine drawn off, dried over potassium hydroxide and the solvent evaporated. 
The residue on distillation yidded 85-89.5 g. of 2-benzoylpyridine that boiled a t  170- 
172" (10 mm.).S 

This 2-benzoylpyridine gave a picrate from alcohoiie solution that melted a t  121- 
123 O. After two recrystallizations from alcohol, the melting point of this picrate was 
122-123". Tschitschibabin4 reports the melting point of this particular picrate as 
130'. Further recrystallization, however, did not change the melting point. The 
purity of the compound obtained in the present work was checked by preparing some 
2-benzoylpylidine from pure picalinic acid by the procedure described below for the 
preparation of 3-benzoylpyridine from nicotinic acid. The 2-benzoylpyridine so ob- 
taiwd gave a picrate which also melted at  122-123' and a mixture of the picrates pre- 
pared by the two methods melted at  the same temperature. 

2-Benzoylpyridine Hydrochloride.-When 2-benzoylpyridine was dissolved in 

6 C'. Wolffenstein and Hartwich, Ber.. 48,2043 (1915). 
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ether and dry hydrogen chloride passed in, a liquid hydrochloride separated that  was 
difficult to crystallize. Afier s ~ l u t i m  in acetone and evaporation under* diminished 
pressure to remove excess hydrochloric acid, the thick liquid was allowed to  stand for 
three weeks, when about half had cryst,&lized. (he recrystallization from anhydrous 
acetone gave a white, crystalline hydrochloride, m. p. 126-12S0. 

Anal. Subs., 0.4567, 0.3917: AgC1, 0.2987, 0.2563. &kd. for ClsH~,ONCl: 
C1, 16.15 Found: C1, 16.18, 16.19. 

4-Benzoy1pyridine.-The fractions of the benzylpyridine boiling between 282 and 
299 O were oxidized with potassium permanganate in a similar manner to that  described 
above in the preparation of 2-benzoylpyridine. The crude 4-benzoylpyridine was added 
to a solution of double its weight of picric acid in sufficient alcohol to  retain the piaate 
in solution at  the boiling point. On cooling, nearly pure 4-henzoylpyridine picrate 
separated. One to two recrystallizations from the minimum quantity of boiling alcohol 
necessary for solution gave pure 4-benzoylpyridine picrate which melted a t  159-160'. 
This picrate was decomposed as in the Case of the 2-benzylpyric+1e. picrate, yielding 4- 
benzoylpyridine, b. p. 313.5-314O (742,mm.), which solidified immediately t o  a white 
solid that melted without recrystallization, at  71.H2.5'. In one ruq the three higher- 
boiling fractions of crude benzylpyridinks were oxidized and purified separately, the 
yields of 4-benzoylpyridine being 

75 g. of the 282-285" fraction gave 22.5 g. of 4-benzoy1pyriCtine 
38.5 g. of the 285-288O fraction gave 17.0 g. of 4-benzoylpyridine 
31.5 g. of the 28&299O fraction gave 15.6 g. of Cbenzoylpyridine 

In other runs the three fractiops were combined before oxidation and there was ob- 
tained 32-33 g. of 4-benzoylpyridine for each 100 g. of material boiling between 282-299 O. 

4-Benzoylpyridine Hydrochloride.-Dry hydrogen> chloride was passed into a solu- 
tion of 10 g. of 4-benzoylpyridme in 250 cc. ether. The white, crystalline hydrochloride 
was recrystallized once from alcohol-ether, yielding 10 g, of the hydrochloride, m. p. 
195-197'. 

A d .  Subs., 0.6494, 0.7821: . AgCI, 0.3575, 0.5097. Calcd. for G.sH,oONCl: 
C1. 16.15. Found: C1, 16.10, 16.12. 

3-Benzoylpyridine was made by the method given by LaF~rge .~  The only varia-. 
tion from his procedure was that the 3-benzoylpyridine was purified as the hydrochloride 
instead of as the picrate. The purified hydrochloride melted at  160-162 O. 

Awl.  Subs., 0.3581, 0.4013: AgC1, 0.2321, 0.2598. Calcd. far  4tHloONC1: C1, 
16.15. Found: C1, 16.03, 16.01. 

Phenyl-2-piperidyic&rbiiol.-The 2-benzoylpyridine is 'kry weakly basic and a 
solution of its hydrochloride in water.a*ears cloudy due to hydrolysis. On attempting 
to reduce a solution of the hydrochloride in water with platinum-oxide platinum black 
catalyst which had previously been reduced in water, the eatalyst collected in small 
clumps and no hydrogen was absorbed. The addition of a 75% excess of hydrochlaric 
acid would usually cause the catalyst tg whip up into suspension and reduction then 
proceeded normally. To determine the.optimum conditions for reduction in hydro- 
chloric acid solution, the following experipents were made. In  each case 0.100 g. of 
platinum-oxide mtaiyst was placed in 10 ce. of water and shaken with hydrogen until 
the brown oxide was reduced to black platinum. Then 5 g. of 2-benzoylpyridiine, to- 
gether with the indicated excess of hyilr~chlorik add was added, with enough water to  
make the total V O ~ U M ~  givkn in the tabte. Eachskmple of catalyst was taken from the 
same lot of freshly prepared catalyst, and the same initial hydrogen pressure (41 lb.) was 
used in each case. The results that were crbtained are shown in Table I. 
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THE REDUCTION OF 2-BENUIYLPYRIDINE WITH VARYING AMOUNTS OF HYDROCHLORIC 

ACID 
Excess of hydro- 
chloric scid, % 

Total volume of 
solution. cc. 

45 
75 
75 
75 
75 
75 
75 
75 

Time of reduction. 
hours 

13 
No reduction 

7.5 
5.5 
5 
4 
4 
11.5 

I t  is seen from the above data that 100-12570 excess of hydrochloric acid over that 
necessary to form the hydrochloride is the optimum amount of acid for the reduction of 
this concentration of 2-benzoylpyridine. It is also apparent from the first two runs that 
a dilution from 45 cc. to 75 cc. of the benzoylpyridine hydrochloride solution containing 
a 10% excess of hydrochloric acid causes sufficient hydrolysis of the hydrochloride to the 
free base to prevent the reduction. In  this connedion i t  may be of interest to point 
out that Craig and Hixon6 found that pyrrole could be more efiiciently reduced to 
pyrrolidine in the presence of an excess of hydrochloric acid. 

The two diastereoisomeric phenyl-2-piperidylcarbinols designated as A and B were 
separated as follows: 10 g. of 2-benzoylpyridine was reduced in 100% excess of hydro- 
chloric acid, the catalyst filtered off and the water removed by evaporation under di- 
minished pressure. The residual hydrochloride was recrystallized by dissolving in 5 
cc. of absolute alcohol for each gram of hydrochloride and precipitating with 6 cc. of 
dry ether for each cc. of alcohol used. Four such recrystallizations gave 4.04 g. of the 
hydrochloride of A ,  m. p. 20(t202°. On dissolving in a small amount of water and 
making alkaline with sodium hydroxide, 3.26 g. of the free base was obtained. One re- 
crystallization from water containing 4% of alcohol gave 2.5 g. of A, m. p. 141-142°. 

Anal. Subs., 0.2377, 0.2000: C02, 0.6544. 0.5514: Hr0. 0.1921, 0.1617. Calcd. 
for ClzHl,ON: C, 75.39; H, 8.90. Found: C, 75.08, 75.19; H, 8.98, 8.98. 0.6119 g. 
(1 mol) of this carbinol reacted with 0.6555 g. (2.01 mols) of acetic anhydride.? 

The alcohol-ether filtrate from the first recrystallization of the hydrochloride of A 
contains most of the hydrochloride of B, the latter of which is the more soluble. On 
evaporation of the solvent and conversion to the free base, there remained 3.75 g. of 
base. After three recrystallizations of the free base from the minimum quantity of 
water containing 4% of alcohol, 0.81 g. of B, m. p. 171-173O, was obtained. 

A d .  Subs., 0.2210, 0.2098: C02, 0.6086, 0.5805: H20, 0.1808. 0.1700. Calcd. 
for ClpHnON: C,75.39; H.8.90. Found: C'75.10, 75.46; H,9.09,9.00. 0.4865g. 
(1 mol) of the carbinol reacted with 0.4899 g. (1.89 mols) of acetic anhydride. 

Evaporation of all filtrates from the purification of A and B and conversion to the 
free base gave 4.6 g., from which an additional quantity of A and B could be recovered 
by a repetition of the above method of separation. 

Conversion of A into B.--One-half gram of A was heated a t  100° for forty-eight 

6 Craig and Hixon, THIS JOURNAL, 52,804 (1930). 
7 The carbinol and a 3- to 4-fold excess of acetic anhydride contained in a sealed 

tube were heated overnight on a steam-bath, then dissolved in water and the excess 
acetic acid titrated with standard potassium hydroxide. 
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hours in 5 cc. of 25% hydrochloric acid. The solvent was removed under diminished 
pressure and the hydrochloride converted to the free base with sodium hydroxide. 
After three recrystallizations from water containing 4% of alcohol, there remained 
0.032 g. of the B isomer that melted a t  171-173'. 

Phenyl-3-piperidylcarbinol Hydrochloride.-Ten grams 3-benzoylpyridine hydro- 
chloride was reduced in aqueous solution with 0.5 g. of platinum-oxide platinum black 
catalyst. The reduction required fifteen hours for completion. After filtering off the 
catalyst and removing water under diminished pressure, the hydrochloride was purified 
by recrystallization from an alcohol-ether mixture. After five recrystallizations, 3 g. 
of product, m. p. 190-192 ", was obtained. 

Anal. Subs., 0.3558, 0.4267: AgCl, 0.2241, 0.2680. Subs., 0.2715: COz, 0.6338; 
HzO, 0.1805. Calcd. for cl~H180NCl: C1, 15.58; C, 63.30; H, 7.91. Found: C1, 
15.58, 15.54; C, 63.67; H, 7.56. 

Phenyl-4-piperidylcarbinol Hydrochloride.-A solution of 10 g. of 4-benzoylpyri- 
dine hydrochloride in water absorbed the theoretical quantity of hydrogen in five hours 
when shaken with 0.5 g. of catalyst. After removal of solvent and one recrystallization 
from an alcohol-ether mixture, 10.2 g. of phenyl-4-piperidylcarbinol was obtained; m. p. 
191-193". 

Anal. Subs., 0.2821, 0.3207: AgCl, 0.1768, 0.2016. Calcd. for C12HlaONCl: 
C1, 15.58. Found: C1, 15.50, 15.55. 

Phenyl-4-piperidylcarbino1.-Ten grams of phenyl-4-piperidylcarhinol hydro- 
chloride on conversion to the free base gave, after one recrystallization from water 
containing 4% of alcohol, 6.4 g. of the free base, m. p. 166-167'. 

Anal. Subs., 0.2469, 0.2150: C02, 0.6805, 0.5936: H20, 0.2005, 0.1736. Calcd. 
forC12H170N: C,75.39; H,8.90. Found: C,75.17,75.30; H,9.02, 8.97. 09545 g. 
(1 mol) of the carbinol reacted with 1.004 g. (1.97 mols) of acetic anhydride. 

Summary 

1. The isomeric phenylpiperidylcarbinols have been prepared and 
described. In the case of the phenyl-2-piperidylcarbinol the two diastereo- 
isomers have been isolated. 

2. These carbinols have structures analogous to ephedrine and it has 
been found that although they are somewhat less active they all possess the 
same pharmacological properties as this important drug. 

MADISON, WISCONSIN 
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[CONTRIBUTION FROM THE CEBMICAI, DEPARTMENT, UNIVERSITY oP BRISTOL] 

A NEW METHYLATION PROCESS 

The catechins are remarkable for their well-crystallizing and sharp- 
melting penta-acetyl  derivative^.^ On the other hand, the corresponding 
methoxy derivatives, if prepared in the usual way by the action of dimethyl 
sulfate and alkali, either on the catechins themselves, or on the penta- 
acetyl derivatives, are contaminated with by-products, formed through 
fission of the chromane-ring.2 It was therefore desirable to evolve a re- 
liable method for the conversion of these well-defined penta-acetyl deriva- 
tives into the corresponding methoxy derivatives; such a method has now 
been elaborated. It consists in the interaction in the cold of diazomethane 
with these penta-acetyl derivatives in the presence of piperidine. The 
reaction proceeds smoothly and is easily controlled, each molecular pro- 
portion of piperidine removing one acetyl group, which is then replaced by 
the methyl group. The results obtained with the penta-acetyl catechins 
will be dealt with later on, a few representative cases being meanwhile 
described. 

Experimental 
The acetyl derivatives used in the following experiments were dissolved 

in alcohol and to this solution was added piperidine, also in alcoholic solu- 
tion. Into this solution was then distilled an .ethereal solution of diazo- 
methane prepared from nitrosomethylurethan, the reaction being carried 
out in the apparatus previously described.% After standing for twenty- 
four hours the alcohol was removed, the solid dissolved in warm aqueous 
alkali and refluxed for thirty minutes on a water-bath. Tlie methoxy 
derivatives were obtained by acidifying the cold solution, which had pre- 
viously been freed from piperidine by exhaustive extraction with ether. 

(1) Veratric Acid.--One gram ofcdiacetyl-protocatechuic acid (m. p. 162°)4 was 
reacted on with diazomethane from 5 cc. of nitrosomethylurethan in the presence of 
1 g. of piperidine (excess); yield, 0.6 g.; m. p. and mixed m. p., 180". 

Anat. Subs., 2.107, 6.302 mg.: AgI, 5.365, 16.267 mg. Calcd. for CSH~OO,: 
OCH1, 34.07. Found: OCHJ, 33.61.34.06. 

(2) Isovanillic Acid-The same proportions as given above were used, with the 
exception of piperidine, when 0.4 g. (1 mol) was added; yield, 0.7 g.; m. p. 249 ". 

Anal. Subs. 4.085 mg.: AgI, 5.667 mg. Calcd. for C~HIIO~: OCH,, 18.45. Found: 
OCH, 18.32. 

(3) Dimethyl-@-resorcylic Acid.-One gram of diacetyl-8-resorcylic acid (m. p. 

1 Nierenstein, J. Indian Chem. Soc., 7,279 (1930). 
Nierenstein, THIS JOURNAL, 48,1964 (1926). 

a Malkin and Nierenstein, ibid., 52, 1508 (1930). 
4 Malkin and Nierenstein, Ber., 61, 797 (1928). 
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137 ")a was reacted on with diazomethane in the presence of 0.8 g. (2 mols) of piperidine; 
yield, 0.5 g.; m. p. 10QO, which is in agreement with the melting point given by Lieber- 
rnann and Lhdenbaum.6 

Anal. Subs., 3.314 mg.: AgI, 8.533 mg. Calcd. for CsHloO~: OCHs, 34.07. 
Found: OCHa, 33.99. 

(4) Monomethyl-PresorcyliG Acid.-When using one molecule of piperidine a 
mixture of the two monomethyl-6-resorcylic acids was obtained. This mixture melted 
gradually between 169 and 174', and gave with ferric chloride a violet coloration which 
had a distinctly greenish tint. The two isomers in question show the following properties: 
2-hydroxy-4-methoxybenzoic acid melts at  160-161 ", and gives a violet coloration with 
ferric chloride, whereas 2-methoxy-4-hydroxybenzoic acid melts a t  187-189 ", and gives a 
red-brown coloration with ferric chloride. The former substance therefore predominated 
in the mixture. 

Anal. Subs.,,7.310 mg.: AgI, 10.571 mg. Calcd. for ~~~4: OCHs, 18.45. 
Found: OC&, 19.08. 

(5) Trimethylgallic Acid.-One gram of triacetylgallic acid (m. p. 175")' was 
methylated in the presence of an excess of piperidine; yield, 0.8 g.; m. p. 169". with 
slight evolution of carbon dioxide. 

Anal. Subs., 4.017 mg.: AgI, 13.303 mg. Calcd. for C10H1205: OCHI, 43.86. 
Found: OCH3,43.72. 

Summary 
A method is described for the replacement of acetyl groups by methyl 

groups, using diazomethane and piperidine. 
BRISTOL, ENGLAND 

LOCAL ANESTHETICS DERIVED FROM QUINOLINE 
AND ISOQUINOLINE 

Several previous communications1 from this Laboratory have described 
the preparation of substituted piperidino-alkyl benzoates and substituted 
piperidino-alkyl cinnamates. Since these compounds possessed local 
anesthetic action, some of them to a marked degree, it seemed desirable to  
prepare for pharmacological study a series of hydroquinolino-alkyl ben- 
zoate~ in which the nitrogen, instead of being a member of a piperidine 
ring, is incorporated in a bicyclic structure such as that present in certain 
of the reduced forms of quinoline and isoquinoline. I t  seemed of par- 

Bergmann and Dongschat. Bey.. 52,179 (1919). 
Liebermann and Lindenbaum, ibid., 41,1613 (1908). 
Fischer, Bergmann and Lipschitz, ibid., 51,53 (1918), give m. p. 171-172' (corn.) 

for triacetylgallic acid. 
1 McElvain, THIS JOURNAL, 49, 2835 (1927); Thayer and McElvain, iGd., 50, 

3348 (1928); Bailey and McElvain, ibid., 52, 1633 (1930); Bailey and McElvain, 
ibid., 52,2007 (1930). 
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ticular interest to ascertain whether or not there would be any marked 
pharmacological difference in the anesthetics derived from the stereo- 
isomeric decahydroquinolines. Also an anesthetic derived from tetra- 
hydroisoquinoline would possess a phenylene-dialkylamino structure and 
would be an interesting type to compare with those anesthetics containing 
phenyl alkyl groups which have been previously reported2 as being un- 
usually potent pharmacologically. 

This paper describes the preparation, properties and pharmacological 
action of the hydrochlorides of the following amino esters: (1) &tetra- 
hydroquinolino-ethyl benzoate, (2) y-tetrahydroquinolinopropyl ben- 
zoate, (3) trans-6-decahydroquinolino-ethyl benzoate, (4) tranr-y-deca- 
hydroquinolinopropyl benzoate, (5 )  cis-6-decahydroquinglino-ethyl ben- 
zoate, (6) cis-y-decahydroquinolinopropyl benzoate, (7) y-tetrahydro- 
isoquinolinopropyl benzoate. These compounds were prepared by the 
condensation of the corresponding secondary amines with (3-chloro-ethyl 
benzoate and 7-chloropropyl benzoate. 

Tetrahydroquinoline was prepared by the catalytic reduction of quino- 
line. The cis and trans isomers of decahydroquinoline were prepared by 
the complete catalytic reduction of quinoline; the reduced material ob- 
tained in this manner was separated into the pure isomeric forms by a 
modification of the method of Hiickel and S t e ~ f . ~  The literature contains 
numerous references to the trans isomer (m. p. 48°)4 but the existence of 
the cis isomer, which is a liquid a t  ordinary temperatures, had not been 
demonstrated previous to the work of Hiickel and Stepf. 

Tetrahydroisoquinoline was prepared by the method of Pictet and Speng- 
ler,s which involves the condensation of methylal and B-phenylethylamine 
in concentrated hydrochloric acid solution. The tetrahydroisoquinoline so 
obtained was not entirely pure, and i t  was observed that the strength of the 
hydrochloric acid used in the condensation plays an important part in 
determining the course of the reaction. In dilute acid solution methyl-(3- 
phenylethylamine, instead of tetrahydroisoquinoline, is formed. 

Experimental 
Tetrahydroquino1ine.-This compound was prepared by the catalytic reduction of 

quinoline, using a nickel catalyst at a temperature of 150" and at pressures of 150-170 
atmospheres of hydrogen.6 The boiling point of the product was 122-124' (10 mm.) 

* Thayer and McElvain, THIS JOURNAL, 49,2862 (1927) ; Bolyard and McElvain, 
ibid. ,  51, 922 (1929); Bailey and McElvain, ibid., 52, 1633 (1930). 

Hiickel and Stepf, Ann., 453, 163 (1927). 
Bamberger and Lengfeld, Ber., 23, 1145 (1890); Ipatieff, ibid., 41, 992 (1908); 

Skita and Meyer, ibid., 45, 3593 (1912). 
6 Pictet and Spengler, ibid., 44, 2030 (1911). 
8 The reduction of quinoline was carried out by Mr. Howard Cramer under the 

direction of Professor Homer Adkins and will be described in detail by them in a forth- 
coming paper. 
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Truss- and Cis-decah~qt6notiaa.-Quinolim was completely reduced caa- 
lytically, using a nickel catalyst at a temperature of 200' and a t  pressures of 150-200 
atmospheres of hydrogen. The relative propottions of cis and trans isomers varied in 
diifferent runs. By chilling with ice-salt mixture the trans isomer crystallized and, after 
filtering with suction and pressing on a clay plate to remove adhering liquid, i t  melted 
a t  a'.* The hydrochloride melted a t  278-279'; Hiickel and Stepf report 275' as the 
melting point of this compound. 

The crnde cis-demhydroquinoline remaining after removal of the Irons isomer was 
converted to the benzoyl derivative by treatment with benzoyl chloride and dilute af- 
kali. Hiickel and Stepfa recommended partial purification of the hydrochloride before 
preparation of the benzoyl derivative, but it was found that better yields were obtained 
by making the benzoyl derivative directly from the crude base. After two recrystal- 
lizations from ligroin (b. p. 90-150') the material was pure, melting a t  969 From 
97 g. of crude base there was obtained 45.3 g. of the pure benzoyl-cis-decahydro- 
q~inoline. 

Continued refluxing with 15% sodium hydroxide solution did not hydrolyze ben- 
zoyl-cis-decahydroquinoline, but i t  was found that by refluxing with 207, hydrochloric 
acid, hydrolysis was complete after sixty to seventy hours. At the end of this time the 
solution was cooled, after which benzoic acid was filtered off and the filtrate was evapo- 
rated on a steam-bath. The free base was liberated with 10% sodium hydroxide and 
extracted with ether. After drying the ethereal solution with sodium sulfate, the ether 
was evaporated and the amine was distilled under diminished pressure. By such treat- 
ment of 45 g. of benzoyl-cis-decahydroquinolime there was obtained 21.9 g. (857, of the 
theoretical) of cis-decahydroquinoline which boiled at  83-83.5' (16 mrn.). The hydro- 
chloride was prepared and found to melt a t  222-224"; Hiickel and Stepf reported 226' 
as the melting point of this compound. 

Tetrahydroisoquino1ine.-This compound was prepared by a modification of the 
method of Pictet and Spengler.6 To a solution of 20 g. of 8-phenylethylamine (b. p. 
85-88' a t  14 mm.) in 120 cc. of concentrated hydrochloric acid, 20 g. of methylal (b. p 
41-45') was slowly added through a separatory funnel. During the addition the re- 
action mixture was warmed on a steam-bath. Heating was continued for five hours, 
after which the solution was evaporated to dryness. The residue was dissolved in 90 
cc. of water; to this solution, cooled to 7', was added a solution of 23 g. of sodium ni- 
trite in 40 cc. of water. The mixture was warmed and extracted with ether. After 
evaporation of the ether, the nitrosamine was reduced with 33 g. of zinc and 90 cc. of 
concentrated hydrochloric acid. The mixture was made alkaline with 60 g. of sodium 
hydroxide and steam distilled until all of the oily layer had passed over. The distillate 
was acidified and evaporated to dryness; the residue was made alkaline, and the free 
base was extracted with ether. After drying with sodium sulfate and evaporating the 
ether, the amine was distilled. The yields were 2.2-3 g. (10-1470 of the  theoretical) 
of material boiling a t  220-233'. The picrate after two recrystallizations from alcohol 
melted a t  199-200'; Helfer7 reported 197-1923' as the melting point of tetrahydroiso- 
quinoline piaate. The hydrochloride after five recrystallizations from alcohol-ether 
mdted a t  194-195"; Helferl reported 195-196'. 

In an attempt to improve the yield of tetrahydroisoquinoline a run was made using 
120 cc. of dilute hydrochloric acid containing only slightly more hydrogen chloride than 
the amount required to dissolve the 8-phenylethylamine. The time of heating'was 
seventeen hours; the rest of the procedure was that described above; 3 g. (14%) of 
material boiling a t  88-95' (16 mm.) was obtained. This was shown t o  be methyl-& 

HeIfer, HeEv. Chim. Acta, 6, 794 (1923). 
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phenylethylamine.8 The picrate was @.repared and .found b melt at  140-141 ';9 a 
mixed melting point with an authentic specimen of ,methyl-8-phenylethylamine piu-ate 
showed no depression. 

Hydroquinolino-alkyl BenzoatesrTbese compounds were prepared by the 
general ~rocedure of heat& two mole9 of the. secondary a-e with one mole of 8- 
chloro-ethyl benzoate: or: y-cbloropropyl benzoate. In tbe mse of the deczihydroquino- 
lines a temperature of 140-150' for two to three hours was sufiicient to cause a satis- 
factory reaction; in the case of tetrahydroquinoline and tetrahydroisoquinoliine a some- 
what higher temperature (190-200') for the same geriod of time was required. The 
tertiary amino esters pere isolated as the hydrochlorides by the-procedure commonly 
employed for compounds of tbis type.' These hydrochlorides are summarized in Table I. 

In the case of truns-@-decahydroqu~o~~o-e~y1 benzoate hydrochloride two ap- 
parently isomeric substances appeared to be formed. One of them was obtained pure, 
while the other could not be caused to  attain a constant melting point. Theoretical 
chlorine analyses for samples melting over a wide temperature range was the evidence 
upon which the formation of isomers was based. 

HYDROQUINOLINO-ALWL BENZOATE HYDROCHLORIDES 
Analyses, CI OJo 

Rydroquinoliuoalkyl group - M. p., OC. Calcd. h u n d  

1 8-Tetrahydroquinoliino-ethyla . 129-131 11.18 11.18 
2 r-~etrahydroquinoSinopropy~ 12!2-124 10.71 11.04 
3 Trans-~-decahydroqui1iolino-ethy1~ 155-157 10.97 10.87 
4 Trans-7-decahydroquinolinopropyl l?k-173 10.52 10.51 
5 Cks-p-decahydroquinolino-ethylb 159-160 10.97 10.82 
6 Cis-r-decahydroquinolinopropyl 155-156.5 10.52 10.38 
7 r-TetrahydroisoqtG~otinopropylC 188-189 ' 10.71 10.64 

" These hydrochlorides are sufficiently hydrolyzed in aqueous solution to cause oily 
globules of free base to appear. * A mixed melting point on Nos. 3 and 5 was 135-141 O. 
" The corresponding propyl benzoate derived frbm methyl-6-phenylethylamine melts 
at 128'; this compound has been prepared by Mr. A. C. Cope in this Laboratory and 
will be described in a future communication. 

Pharmacological Report.-These compounds are being studied pharma- 
cologically by Mr. Charles L. Rose of The Lilly Research Laboratories, 
Eli Lilly and Company, Indianapolis, Indiana. Table I1 contains a brief 
summary of this w~rk .  Each compound is designated by the number 
which is associated with it in Table I. Anesthetic efficiencies were de- 
termined by application of a-2% solution of the hydrochloride to the rab- 
bit's cornea and noting the duratipn of anesthesia and also by the method 
of infiltration anesthesia, which involves the intracutaneous injection of a 
lY0 solution of the hydrochloride into the guinea pig. Subcutaneous 
toxicity to white mice and intravenous toxicity to white rats were deter- 
mined; these values are reported .in terms of the median lethal dose 
(M. L. D.), which is that amount of material necessary to cause the death 

8 Cf. Decker and Becker, Ber., 45, 2404 (1912); Decker and Becker, Ann., 395, 
342 (1913). 

9 Johnson and Guest, Am. Chem. J., 42, 340 (1909)- 
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of 50% of a large number of animals.1° The values for cocaine and pro- 
caine are included in Table I1 for cornparison. 
8-Tetrahydroquinolino-ethyl benzoate (1) and r-tetrahydroquinolino- 

propyl benzoate (2) were hydrolyzed to such an extent that a solution 
could not he prepared for pharmacological tests. Hence there are no data 
for these compounds in Table 11. 

Compound 

3 
4 
5 

. 6  
7 
Cocaine 
Procaine 

PHARMACOLOGICAL DATA 

Av. duration of Subcutaneous toxicity 
anesthesia, min. to white mice mg./kg. 
Rabbit's Infil- No of mice 

cornea tration M. I,. D. used 

5 36 1000 25 
27 81 500 40 
21 55 700 36 
30 60 500 25 
7 187 1600 31 
29 . - 150 . . 
0 . . 800 . . 

Intravenous toxicity 
to white rats mg./kg. 

No. of rsts 
M. L. D. used 

25 7 
20 24 
30 14 
20 15 
40 10 
17.5 .. 
53 . . 

Discussion of the Pharmacological Data.-The decahydroquinolino- 
alkyl benzoates are in general more satisfactory anesthetics than cocaine, 
since the anesthetic efficiencies of three of them are equal, or nearly equal, 
to that of cocaine, while the toxicities are considerably less than that of 
cocaine. Compounds 4 and 6, which are geometric isomers, have quite 
similar properties. However, 3 and 5, which are also geometric isomers, 
differ from each other considerably-5, the cis compound, being more 
active than 3, its trans isomer, both as regards anesthetic action and 
toxicity. 
r-Tetrahydroisoquinolin~pr~pyl benzoate7 has quite a low toxicity com- 

bined with high anesthetic efficiency when measured by the infiltration 
method. However, when measured by the corneal method, the anesthetic 
efiiciency is quite low. The compound contains a phenylene-dialkylamino 
structure, and would therefore be expected to be a rather powerful anes- 
thetic on account of its structural relationship to those anesthetics con- 
taining phenyl alkyl  group^.^ It is reported as being highly irritating to 
the rabbit's cornea, and it is quite probable that it is this property rather 
than its structure, which causes the low corneal anesthesia value. 

Summary 
1. A series of hydroquinolino-alkyl benzoates has been prepared and 

described. 
2. A discussion of the pharmacological properties of these compounds 

is given. 
MADISON. WISCONSIN 

lo Rose, Coles and Thompson, J. Lab. Clin. Med., 15,731 (1930). 
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DI-IODOTHYMOL AND THE DECOMPOSITION OF ITS SALTS' 
BY G. H. WOOLLETT AND CARL H. EVERETT 

RECEIVED JUNE 25, 1930 PUBLISHED OCTOBER 6, 1930 

Colored products obtained by the action of iodine and alkali upon phenols 
have been described by various  investigator^.^ The deep red product 
formed from common phenol2d has been shown to consist largely of ma- 
terial having a high apparent molecular weight and quinonoid character- 
istics. Its formation from phenol takes place according to the equations 

CsH6OH + 4NaOH + 312 = C6H2130Na + 3NaI + 4H20 (1) 
n CsHd30Na + I t  = (C6H2120)* + nN.tI + Iz (11) 

During the action represented by Equation 11, divalent radicals such as 
I 
0 0 

or the ortho isomers are probably formed, the final prod- 

uct being made by their polymerization. Substances of this type are 
amorphous, soluble in carbon disulfide or bromoform, and insoluble in 
alcohol, water and ligroin, lose their color on reduction and regain it upon 
re-oxidation. They will be referred to here as chromo-resinoids. 

Probably the best known of these substances is the one obtained from 
thymol, as it is, in an unpurified state, used as the pharmaceutical now 
called thymol iodide. The similarity in preparation and properties 
strongly suggest for the thymol chromo-resinoid a genesis similar to that of 
its phenol analog. This would require the formation and subsequent 
decomposition of di-iodothymol. Previous work3 also pointed in this 
direction. As no description of a di-iodothymol could be found in the 
literature, an attempt was made to prepare it. 

Willgerodt and Kornblum4 and later Rasik La1 Datta and Nogendra 
Prosads have iodinated phenols in arnmoniacal solution, the former using 
alcohol as a solvent and the latter the alkali salts of the phenols. 

It was found possible to introduce a second iodine atom into p-iodothy- 
mol by a modification of these methods using no solvent other than the 

A portion of this work formed part of a thesis presented to the Faculty of the 
Graduate School of the University of Mississippi by Carl H. Everett in partial fulfil- 
ment of the requirements for the degree of Master of Science. 

2 (a) Lautemann, Ann., 120, 309 (1861); (b) Kammeier and Benzinger, Ber., 11, 
557 (1878); (c) Messinger and Vortmann, ibid., 22,2312 (1889); (d) Hunter and Wool- 
lett, THIS JOURNAL, 43, 135 (1921); (e) Vortmann, Ber., 56,234 (1923); and others. 

Woollett, THIS JOURNAL, 43, 553 (1921). 
Willgerodt and Kornblum, J. prakt. Chem., [2] 39,290 (1889). 
Rasik La1 Datta and Nogendra Prosad, THIS JOURNAL, 39,441 (1917). 
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ammonia solution. The di-iodothymol made thus is ;a straw-colored liquid 
which did not solidify a t  -17'. It forms a crystalline benzoate (m. p. 
112'). The second iodine atom is presumably ortho to  the hydroxyl. 
Because of the repeated reports of dimolecular structures for iodothymol 
derivatives, the molecular weight of the benzoate was taken and found 
to be normal. 

Di-iodothymol decomposes spontaneously, giving the expected red 
resinoid when treated with sodium hydroxide solution. The decomposition 
appears to start a t  the surface of undissolved droplets of the phenol and 
once initiated goes a great way toward completion. AS alcohol, acetone, 
sulfites or other substances which react easily with iodine prevent the 
decomposition, and as free iodine in catalytic quantity will cause decom- 
position in undecomposed alkaline solutions, the spontaneous decomposi- 
tion is believed to be due to traces of free iodine in the di-iodothymol. 

Potassium ferricyanide also will cause the formation of a chromo-resinoid 
apparently identical with the above. The action in this case is not cata- 
lytic but requires molecular quantities of ferricyanide and will take place in 
the presence of considerable antagonistic material such as sulfites. 

As might be expected from its method of preparation, U. S. P. thymol 
iodide contains a demonstrable amount of di-iodothymol, as shown by the 
action of potassium ferricyanide on alcoholic extracts from it. 

While tri-iodophenol seldom decomposes on mere contact with alkali, its 
behavior otherwise is remarkably like that of di-iodothymol. 

Experimental 
Preparation of p-Iodothymo1.-Eight hundred cc. of 0.25 molecular sodium thymo- 

late and 0.25 molecular TrKI solution were run slowly and at  approximately equal rates 
into a 12-cm. funnel filled with cracked ice. The funnel discharged into a 3-liter beaker 
containing cracked ice and 500 cc. of water, mechanically stirred. 

When about one-tenth of the reactants had been added, the product was seeded with 
iodothymol and addition was interrupted until crystallization started. Excess of iodine 
present at  the end was removed by sodium bisulfite. 

The white crystalline p-iodothymol (51.5 g.) was filtered off and purified by dissolv- 
ing twice in alkali, treating with norit, and precipitating by dilute sulfuric acid; then by 
twice dissolving in alcohol, treating with norit, Gltering and precipitating by water; 
and finally by two crystallizations from heptane (m. p. 69'). Willgerodt4 gives the 
melting point as 69 O. 

Preparation of Di-iodothymo1.-One gram of pure p-iodothymol was dissolved in . 
800 cc. of concd. ammonia. To this was added rapidly and with shaking 20 cc. of 0.2 
M iodine-potassium iodide solution. After one minute 1 cc. of 20% sodium bisulfite 
was added and the mixture was poured into a previously prepared bottle containing 
500 cc. of ice water and 150 cc. of ether. The di-iodothymol was extracted twice 
and the ether allowed to evaporate spontaneously. Steam was passed through the 
remaining yellowish oil to remove iodothymol. The non-volatile residue was taken up 
in a small amount of acetone and then added to 200 cc. of water containing 5 cc. of 4 h7 
sodium hydroxide, boiled to remove acetone, cooled, 1 g. of norit added and filtered. 
The filtrate contained nearly pure di-iodothymol, which was precipitated by dilute 
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sulfuric acid, extracted with ether and dried over sodium sulfate. After evaporation of \ 

the ether, a light yellow oil was left which failed to solidify after several days a t  -17'; 
average yield, 0.63 g. or 43%. 

Anal. (Clarius). Calcd. for Cl,,Hlp120: I, 63.17. Found: I, 62.92, 62.85. 62.92. 
Preparation of Di-iodothymol Benzoate.-A solution of 2 g.  of di-iodothymol was 

made as above. cooled and shaken with 20 cc. of. benzoyl chloride and 70 cc. of 4 N al- 
kali. The insoluble material was washed with alkali and water, dried and crystallized 
three times from alcohol and four times from heptane. The last two crystallizations 
gave colorless crystals of constant melting point (112"). 

Anal. (Carius). Calcd. for CoHls1,Oz: I, 50.18. Found: I, 50.03, 49.97. Mol. 
wt. (cryoscopically in benzene). Calcd. for CI,H~~I~OS: 506.05. Found: 429,447. 

Decomposition by Alkali.-Samples I to IV of di-iodothymol were stirred up with 
sodium hydroxide solution. They turned red and became semi-solid. Water was then 
added, and the precipitates were filtered off, washed. dried and extracted with alcohol to 
remove undecomposed di-iodothymol. The chromo-resinoid, alcoholic extract and silver 
iodide precipitated from the filtrate with silver nitrate were all weighed. The chromo- 
resinoid was analyzed for iodine. 

Chromo- 
resinoid Iodine 

Un- Iodine (C1oHuI0)n xn 
Sample. decom- Amount removed. formed, resinoid 

No. g. posed, g. decomposed, g. 8. % g. % (Carius), % 
I 0.76260.1230 0.6392 0.1507 33.4 0.4515 70.8 47.34 
I1 1.7615 .I574 1.6041 0.5006 31.21 1.0962 68.3 44.26 
111 0.6794 ... 0.5002 (calcd.) 0.1655 33.1 0.341 44.93 
IV 0.9796 ... 0.6734 (calcd.) ...... 0.4537 46.25 
Calculated values. ................. 31.58 68.17 46.32 

Decomposition by Other MeansiSamples V to VIII of di-iodothymol were put 
in solution in alkali using acetone as a protective agent. This was later removed by 
boiling. The resinoids formed were not extracted to remove undecomposed di-iodo- 
thymol. 

Samples V and VI were caused to decompose by adding small amounts of iodine in 
solution. 

Chromo-resinoid Iodine in 
Sample, Iodine (CIOHIIIO)~ formed resxnoid 

No. g. added, g. 8. % (Carius), % 

Samples VII and VIII were treated with &Fe(CN)a solution. 
N/10 IGFe(CN)e, cc. 

VII 0.6631 14.8 0.3777 67.08 46.36 
(0.00140 mole) (0.00148 mole) 

VIII 1.1515 31.1 0.8245 71.80 47.73 
(0.00286 mole) (0.00311 mole) 

Di-iodothymol from U. S. P. Thymol Iodide.-A sample was extracted with meth- 
anol. Water and a little sodium bisulfite were added to the alcoholic extract and steam 
was passed through to remove methanol, thymol and iodothymol. The residue was dis- 
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solved in 5 cc. of acetone and dilute sodium hydroxide added. m e  acetone was removed 
by boiling, the alkaline solution treated with norit and filtered. A solution containing 
2 g. of potassium ferricyanide was added to the cold filtrate and the typical red resinoid 
was filtered off, dried and weighed: sample, 4.372 g.; cbromo-resinoid 0.113 g., corre- 
sponding to 3.7% di-iodothymol. 

AnaZ. (Carius). Calcd. for (CIOHIIIO)~: I, a.32. Found: 1, 44.75. 

Summary 
Di-iodothymol and its benzoate have been prepared. 
Di-iodothymol salts have been shown to be precursors of the chromo- 

resinoid formed when iodine acts on alkaline solutions of thymol according 
to the equation nCloHllIzONa = (CIOH~IO), + n NaI. 

Di-iodothymol has been shown to be present in U. S. P. thymol iodide. 
UNIVERSITY, MISSISSXPPI 

[CONTRIBUTION FROM THE CHEMISTRY LABORATORY OF THE UNIVERSITY OF MICHIGAN] 

THE POLYMERIZATION OF ASYMMETRICAL 
DIPHENYLETHYLENE. THE PREPARATION OF 

1,1,3-TRIPHENYL-3-METHYLHYDRINDENE 
BY C. S. SCHOEPFLE AND J. D. RYAN~ 

RECEIVED JUNE 30, 1930 PUBLISHED OCTOBER 6, 1930 

Bergrnann and Weiss, in a paper recently p~blished,~ have shown that  
the saturated dimer of asymmetrical diphenylethylene is 1,1,3-triphenyi-3- 
methylhydrindene and not tetraphenylcyclobutane, as previously sup- 
posed, and have stressed the importance of this fact in connection with the 
views of Staudinger and others on the mechanism of polymerization and the 
structure of high molecular weight compounds. In a study of the prop- 
erties of this saturated dimer in this Laboratory, its identity has been 
established, independently, from its oxidation products. Our investiga- 
tion, which is still in progress, is concerned chiefly with the mechanism of 
the reaction by which triphenylmethylhydrindene and other indenes are 
formed, but the work has paralleled that of Bergmann and Weiss in many 
respects and therefore i t  is considered advisable to publish the results 
which have been obtained a t  this time. 

Polymerization of asymmetrical diphenylethylene (I) by the use of cata- 
lysts yields two dimeric compounds, one unsaturated (111) and the other 
saturated (XII). The unsaturated dimer, m. p. 1 1 3 O ,  was prepared first by 
Nildebrand3 and shown by Lebedev4 to be 1,1,3,3-tetraphenyl-1-butene, 

This paper represents part of a dissertation to be submitted to the Graduate 
School by Mr. Ryan in partial fulfilment of the requirements for the degree of Doctor 
of Philosophy in the University of Michigan. 

Bergmann and Weiss, Ann., 480, 49 (1930). 
Dissertation by Hildebrand, Strassburg, 1909. 

'Lebedev, Andreevskii and Matiushkia, Ber., 56,2349 (19%). 
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which structure was confirmed by Schlenk and Bergn~ann.~ The formation 
of this compound may be explained by assuming that two molecules of 
asymmetrical diphenylethylene combine under the influence of catalysts 
such as sulfuric acid, iodine, stannic chloride, etc., to give 1,1,3,3-tetra- 
phenylcyclobutane (11), which being unstable rearranges to 1,1,3,3-tetra- 
phenyl-1-butene (111). The intermediate product cannot be 1,1,4,4- 

tetraphenylcyclobutane, since it appears from the work of Schlenk and 
Bergmann6 that this compound, prepared by the action of mercury on 1,4- 
disodium-1,1,4,4-tetraphenylbutane, reverts to diphenylethylene. 

The saturated dimer, m. p. 143O, was prepared first by L e b e d e ~ , ~  who 
obtained a mixture of the two isomers by treating diphenylethylene with 
concentrated sulfuric acid or with fuller's earth. He concluded that this 
compound was tetraphenylcyclobutane, since it did not add bromine nor 
react with ozone, and gave only benzophenone on oxidation. The com- 
pound is very stable toward oxidation and Bergmann and Weiss state that 
Iong treatment with a considerable excess of chromic acid in acetic acid 
oxidized only a part of the material and that this part was completely 
destroyed. By regulating the conditions of the oxidation, however, i t  is 
possible to control the reaction so that over a 40% yield of the crude oxi- 
dation product is obtained. This product contains a large number of 
acids and ketones of which about ten have been isolated in pure form. 
Only two of these were readily identified, namely, benzoic acid and 
o-dibenzoylbenzene. In addition, benzophenone was isolated as the oxime 
in small amounts, substantiating the observation of Lebedev. The two 
latter oxidation products were sufficient to establish the identity of the 
hydrocarbon, since of the various structures which might be assigned to a 
dimer of diphenylethylene, only one, namely, 1,1,3-triphenyl-3-methyl- 
hydrindene could give both a-dibenzoylbenzene and benzophenone on 
oxidation and could readily be formed by the rearrangement of 3,1,3,3- 
tetraphenyl-1-butene, which rearrangement had been effected by Lebedev4 

6 Schlenk and Bergmann, Ann., 463, 239 (1928). 
Ref. 5, p. 7. 
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with fuller's earth at  high temperature and with stannic chloride plus hy- 
drochloric acid at  room temperature in our work. A synthesis of this 
hydrindene was in progress a t  the time when Bergmann and Weiss2 re- 
ported their excellent synthesis, which removed any possible doubt con- 
cerning its structure. 
1,1,3-Triphenyl-3-methylhydrindene can be readily prepared in prac- 

tically quantitative yield by adding anhydrous stannic chloride to a ben- 
zene solution of methyldiphenylchloromethane, obtained by the action of 
dry hydrogen chloride on the corresponding carbinol, and allowing the 
mixture to stand at room temperature for one week. The reaction is 
apparently a general one and has been extended to several other carbinol 
chlorides. For example, dimethylphenylchloromethane gave the dimer, 
m. p. 52.5', first described by Grignard,' and dimethyl-p-tolylchloro- 
methane and dimethyl-a-naphthylchloromethane gave compounds melting 
at 122 and 19g0, respectively.* The structures of these compounds remain 
to be proved. Zinc chloride, ferric chloride, antimony pentachloride and 
aluminum chloride have been used in the reaction in place of stannic 
chloride, and it is probable that other agents such as boron trichloride and 
titanium tetrachloride will also be effective. 

Inasmuch as tetraphenylbutene can be rearranged to the hydrindene 
by concentrated sulfuric acid at  room temperature, it seems probable that 
the former is an intermediate step in the preparation of the latter com. 
pound from diphenylethylene. As suggested by Bergmann and Weiss, 
the rearrangement of the unsaturated dimer would consist in the addition 
of the sulfuric acid to the double bond and the subsequent removal of the 
acid to form the stable five-membered ring. The unsaturated dimer may 
also be rearranged by means of stannic chloride, provided hydrogen chloride 
is present. A benzene solution of this compound in the presence of stannic 
chloride showed no appreciable rearrangement after one week a t  room 
temperature, but when the solution was partially saturated with hydrogen 
chloride, the rearrangement to the saturated dimer was practically com- 
plete in the same period of time. Again, diphenylethylene in benzene 
solution under the influence of stannic chloride polymerized almost ex- 
clusively to the unsaturated dimer, while in the presence of hydrogen 
chloride the saturated isomer was formed. These results apparently 
favor the theory that an intermediate compound is formed by the addition 
of hydrogen chloride to the unsaturated dimer, which compound then 
reacts to give the hydrindene, but there is some evidence which points to a 
different mechanism of reaction when stannic chloride is used. 

If the preparation of 1,1,3-triphenyl-3-methylhydrindene from methyl- 

' Grignard, "Ann. de 1'Univ. of Lyon," 1901, p. 57; Ann. chim. phys., 171 24, 485 
(1901). 

These compounds were prepared by R. F. Ruthruff. 
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diphenylchloromethane is compared with the preparation of fluorenes from 
triarylmethyl halides, it is found that the two reactions have much in 
common. In each case the product is an indene derivative, and in each 
case the same reagents may be used to bring about the reaction, namely, 
stannic chloride, aluminum chloride, zinc chloride, etc. These reagents 
incidentally give definite colored addition products with the triarylmethyl 
halides which have been shown to be quinonoid in ~haracter .~  The ease 
with which fluorenes are formed from triarylmethyl halides varies greatly 
with different individuals. Triphenylmethyl chloride and bromide give 
phenylfluorene (VIII) only upon heating above 200°.10 Phenyl-a-naph- 
thofluorene, however, may be prepared by refluxing an acetic acid solution 
of a-naphthyldiphenylcarbinol in the presence of a small amount of hydro- 
chloric acid, sulfuric acid, zinc chloride, etc.;" the solution first acquires a 
dark green color which rapidly disappears, indicating that the intermediate 
product is a quinonoid chloride, sulfate, etc. Di-a-naphthylphenylmethyl 
chloride or bromide is still more reactive. These halides give addition 
products of a deep purple color with stannic, aluminum, ferric, zinc and 
mercuric chlorides, which are unstable and decompose within a short time 
at room temperature with the formation of di-a-naphthofluorene.12 

The reaction, for example, in the case of triphenylchloromethane, prob- 
ably takes place by splitting off the chlorine atom and a hydrogen atom 

m - H  

'0 VIII 

9 Gomberg, Ber., 40, 1847 (1907) ; 42, 406 (1909) ; Anderson, Tms JOURNAL, 52, 
November, 1930. 

10 Hemilian, Ber., 7, 1208 (1874); 11, 837 (1878); E. and 0. Fischer, Ann., 194, 257 
(1878); Schwarz, Ber., 14, 1522 (1878). 

11 Ullmann and Mourawiew-Winigradoff. ibid., 38, 2213 (1905). 
l2 Schoepfle, THIS JOURNAL, 44, 188 (1922). 
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from an ortho position in the ring to give an unstable intermediate product 
(VII) which rearranges to the stable fluorene (VIII). Since the reagents or 
the conditions used in the reaction result in quinoidation of the triaryl- 
methyl halide, the formation of the intermediate compound (VII) may be 
postulated as being due to splitting off hydrogen chloride from the ortho 
quinonoid compound, (V) , to give the quinonoid residue (VI) , which would, 
of course, rearrange to the benzenoid configuration (VII). In general, the 
triarylmethyl halides assume the para-quinonoid form but some of the 
ortho-quinonoid form may also be present, and, indeed, certain compounds 
would be expected to assume the ortho-quinonoid form more readily than 
others, which might account for the greater ease with which naphthyl 
derivatives react in comparison with phenyl derivatives. 

In the case of methyldiphenylchloromethane (IX), hydrogen chloride 
may be split off in accordance with the mechanism proposed above to give 

the intermediate product (X), which then tends to rearrange not to methyl- 
fluorene but to asymmetrical diphenylethylene, a rearrangement which is 
not possible in the case of the triarylmethyl derivatives. Actually, how- 
ever, the rearrangement does not proceed thus far, due to the coupling of 
the two intermediate products (X) and (XI) to give the stable triphenyl- 
methylhydrindene. 

Methyldiphenylcarbinol and concentrated sulfuric acid give a red color 
which is also characteristic of the addition compounds of methyldiphenyl- 
chloromethane with stannic chloride, aluminum chloride, ferric chloride, 
etc. In the polymerization of diphenylethylene to the hydriidene in the 
presence of stannic chloride and hydrochloric acid, and in the rearrange- 
ment of the unsaturated d i e r  under these conditions, the same red color 
always appears. In the absence of hydrochloric acid, the ethylene and the 
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unsaturated dimer give a light green color instead of the red color and in 
each case practically no hydrindene is obtained. In other words, i t  seems 
that the preparation of the hydrindene may be dependent on the formation 

of methyldiphenylchloromethane 
4.0 as the intermediate product. The 

formation of this compound is 
readily explainable with the ethyl- 

3.6 ene which may add hydrochloric 
acid under the influence of the 
stannic chloride, and is also plaus- 

+i ible in the case of the unsaturated 
8 .C 3.2 dimer, which evidently dissociates 
$ readily to the ethylene, since Hilde- 
8 
0 

brand8 found that bromine and ni- 
0 .* 
+-' tric acid in boiling acetic acid react 
a 2.8 
5 with the unsaturated dimer to give 
4 dibromodiphenylethylene and di- 
L 
m 
.-( phenylvinyl nitrite, respectively, 
I 

2.4 while Lebedev4 found that with ex- 
0 
B cess of ozone a t  0°, diphenylethyl- 
C o ene ozonide was obtained from the 
B dimer. Moreover, it was observed 
5 .;: 2.0 that the unsaturated dimer in ben- 
8 zene solution and in the presence of 
4 stannic chloride depolymerized to 

an appreciable extent a t  room tem- 
1 6  perature. 

An attqnpt was made to  estab- 
lish the identity of the red inter- 
mediate compound formed in the 

1'21-1 various reactions by means of ab- 
3200 3400 3600 3800 4000 4200 sorption spectra in the visible 

Frequency, mm.-1. region, using a Nutting photometer 
Fig. l.--Upper curve, 1,1,3,3-tetraphenyl- and a Hilger wave length spec- 

1-butene; lower curve, l,l,3-triphenyl-3- 
methylhydrindene. trometer. The following solutions 

were investigated: (1) methyldi- 
phenylcarbinol in concentrated sulfuric acid, (2) methyldiphenylchloro- 
methane and stannic chloride in benzene, (3) diphenylethylene, stannic 
chloride and hydrochloric acid in benzene, and (4) tetraphenylbutene, 
stannic chloride and hydrochloric acid in benzene. All showed a rapid 
increase in absorption in the violet region and gave an indication of a band 
with its peak near the edge of the visible part of the spectrum. The loca- 
tion of this peak could not be definitely determined, due to the limitations 
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of the apparatus a t  wave lengths below 4500 A. Spectrographic measure- 
ments of the absorption spectra of these solutions are to be undertaken in 
order to obtain this information. 

In many of our preliminary experiments mixtures of the unsaturated and 
saturated dimexs of diphenylethylene were obtained and it was desirable to  
determine the amount of each isomer present, but the separation by means 
of fractional crystallization was tedious and unsatisfactory. The mixtures 
did not melt sharply and did not crystallize readily on cooling, so that the 
melting point and solidification point were of no value for this purpose. 
The index of refraction of a concentrated sblution of the material could not 
be used, due to the fact that the indices of refraction of the pure isomers 
were too nearly alike. The absorption curves of the two dimers are quite 
different though, as will be seen from Fig. 1, and therefore the composition 
of a mixture could be quite accurately determined from the molecular ab- 
sorption coefficient a t  frequencies between 3425 and 3600. The absorption 
curves should also prove of value in establishing the structure of other 
indene derivatives which are not readily synthesized. 

The measurements of the absorption spectra were made with a Judd- 
Lewis sector photometer and a Hilger quartz spectrograph, size C,  by Dr. 
L. C. Anderson of this Laboratory, for whose assistance we wish to  express 
our appreciation. 

Experimental 
Methyldiphenylch1oromethane.-This compound was prepared by treating a ben- 

zene solution of the carbinol with dry hydrochloric acid gas at  a temperature below 10" 
in the presence of anhydrous calcium chloride to remove the water formed in the re- 
action. Attempts to isolate the chloride by concentrating the solution gave a colorless 
oil which could not be crystallized, although an analysis for chlorine showed that no 
appreciable decomposition had taken place. A sample of the chloride was prepared in 
low-boiling petroleum ether, the solvent removed under reduced pressure a t  0' and a 
stream of dry air passed through the residual oil to remove traces of hydrochloric acid. 
On analysis, 16.0% of chlorine was obtained, the calculated value being 16.4%. At room 
temperature the chloride decomposes slowly to give the ethylene and hydrochloric acid, 
a small amount of the unsaturated dimer of diphenylethylene being formed.la 

1,1,3-Triphenyl-3-methyIhydrindene.-Twenty4w grams of methyldiphenylcar- 
bin01 was dissolved in 250 cc. of benzene and converted into the chloride as described 
above. Ten grams of anhydrous stannic chloride was then added and the solution 
maintained below 10," for several hours, after which it was allowed to stand a t  room 
temperature. Upon the addition of the stannic chloride, the solution acquired a deep 
red color which gradually faded to a light brown. After one week it was washed thor- 
oughly with water, dried and concentrated, and the residue dissolved in absolute alcohol. 
from which the triphenylmeth3lhydrindene was obtained in colorless crystals melting 
a t  143'; yield, 95-97y0. If the reaction is stopped after one day a t  room temperature. 
the yield is about 80%. An attempt to accelerate the reaction by heating on the steam- 
bath gave a decreased yield due to the formation of diphenylethylene and the unsatu- 
rated dimer. 

Blicke and Powers, THIS JOURNAL, 51,3383 (1929). 
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Saturated Dimer of a-Methylstyrene.-This compound was prepared from di- 
methylphenylcarbinol by the method described above. The oily product from the con- 
centration of the solution was rubbed with a small amount of alcohol, whereby a solid 
separated which was filtered and recrystallized. An additional amount of the product 
was obtained by distilling the oily residue and crystallizing the fraction which boiled 
a t  128-135" at  3 mm. from alcohol. The combined yield of the d i ier  was 88% and the 
melting point 52 ". The same compound is obtained if the stannic chloride used in the 
reaction is replaced by ferric chloride, aluminum chloride, antimony pentachloride or 
zinc chloride; stannic chloride and antimonic chloride have the advantage over the 
other reagents in that they are soluble in benzene. Staudinger and Breusch" have pre- 
viously prepared this compound in 72% yield by the action of stannic chloride on a- 
methylstyrene. 

Oxidation of 1,1,3-Triphenyl-3-methy1hydrindene.-Five grams of the hydro- 
carbon was dissolved in 100 cc. of glacial acetic acid and 25 g. of chromic acid was 
cautiously added. The reaction was allowed to proceed rapidly with just enough 
cooling to  prevent it from becoming violent, and was usually complete in about half an 
hour. After one hour the solution was poured into water, cooled to 0 with ice and par- 
tially neutralized by adding a solution of 50 g. of sodium hydroxide, which seemed to 
change the character of the precipitate so that it was easier to filter. The product was 
washed with water on the filter and air dried. No further material could be recovered 
from the filtrate by extraction with ether. 

The crude oxidation products obtained from a number of runs were combined and 
extracted with hot water. From the water solution a small amount of oil was obtained 
by  extraction with ether and evaporation of the solvent. Crystallization of the oil from 
alcohol gave a mixture of colorless, thin plates which after recrystallization melted a t  
95", and colorless serrated tables which melted a t  146". A small amount of benzoic 
acid was obtained by sublimation of that portion of oil which failed to crystallize. 

The residual oxidation product was then treated under rapid stirring with warm 
25% sodium hydroxide solution and the mixture allowed to settle. The supernatant 
liquid was decanted or siphoned off and the operation repeated twice to insure removal 
of all of the alkali-soluble material. The product which was insoluble in alkali was steam 
distilled and the distillate extracted with ether. A small amount of oil was obtained 
from the ether solution which upon crystallization from alcohol gave the 146" com- 
pound along with long thin colorless needles which melted after recrystallization a t  
279". The portion of oil which did not crystallize was treated with hydroxylamine 
hydrochloride and deposited benzophenone-oxime, which was identified by a mixed 
melting point. Extraction with ether of the non-volatile residue from the steam dis- 
tillation, evaporation of the solvent and crystallization of the product from alcohol 
gave an additional quantity of the 146" compound. 

The material soluble in 25% sodium hydroxide solution was precipitated with dilute 
hydrochloric acid, and the precipitate washed with water and air dried. The yield of 
this product was 40% of the weight of hydrocarbon oxidized. T4e material was stirred 
with a slight excess of dilute sodium hydroxide solution in which about 20% remained 
insoluble. This was filtered, washed with water, air dried and dissolved in alcohol. 
Two compounds were recovered from the solution, the 146 " compound and large colorless 
needles which after recrystallization melted a t  120'. ' The solution obtained by re- 
dissolving the oxidation product in dilute sodium hydroxide solution was treated with 
ether and the extracted material crystallized from alcohol. More of the 120" compound 
was obtained and also a small amount of small colorless needles which melted a t  295' 
after recrystallization. The alkaline solution was then precipitated with dilute hydro- 

l4 Staudinger and Breusch. Ber., 62, 450 (1929). 
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chloric acid and the precipitate dissolved in alcohol. The solution deposited a consider- 
able amount of colorless prisms melting a t  225O. Since most of this product failed t o  
crystallize, it was dissolved in excess of ammonium hydroxide, the solution diluted several 
times and then concentrated to its original volume on the hot-plate, when part of the 
material separated as an oil. The fraction which remained in solution was precipitated 
with dilute hydrochloric acid and the precipitate dissolved in ethyl alcohol, from which 
colorless needles were obtained which melted a t  245O after recrystallization. The frac- 
tion which was precipitated was dso  dissolved in alcohol and gave very fine colorless 
needles which after recrystallization melted at  285'. The portion which did not crys- 
tallize was then dissolved in ether and extracted with 0.25 N ammonium hydroxide solu- 
tion, The extracted material was precipitated from the ammoniacal solution by dilute 
hydrochloric acid and dissolved in alcohol from which a considerable quantity of color- 
less rhombohedra1 prisms melting a t  190' was deposited. From the ether solution. 
more of the 285' compound was obtained. 

The compounds melting a t  95 and 295', respectively, were not obtained in sufficient 
quantities for macro analysis. The analyses of the other compounds and the solubility 
in hot 5% sodium hydroxide solution and hot 5% ammonium hydroxide solution are 
given in Table I. It will be seen that in general the oxidation products which were iso- 
lated have a complex structure. Only traces of benzoic acid and benzophenone were 
obtained. The compound melting a t  146' was identified as o-dibenzoylbenzene, and 
gave no depression in melting point when mixed with a sample of this compound pre- 
pared by the oxidation of o-dibenzylbenzene. The other compounds have not as yet 
been identified. 

ANALYSES AND %LUBILITY DATA OF THE OXIDATION PRODUCTS OF ~,~,~-TRIPHENYL-~- 
METWLHYDRINDENE 

M. p. of Soly. in Soly. in 
compound hot 5% hot 5% Calculated Pound 

O C .  (uncorr:) NaOH soln. NH'OH soh. Formula C, % H, % C, % H. % 
120 Insol. Insol. CldIlsOI 81.32 5.12 81.16 5.06 
146 Insol. Insol. CtoHlaOn 83.88 4.93 83.73 4.96 
190 Sol." Sol. C&HnoOs 84.10 6.14 83.99 6.19 
225 Slightlyb Insol. GlHlrOs 80.23 4.49 79.98 4.49 
245" Sol. Sol. GSInO4 76.97 5.93 76.92 6.89 
279 Insol. Insol. C&H~~OB 80.45 4.92 80.47 4.89 
285$ Sol. Insol. ClcHl~Oz 81.32 5.12 81.14 5.09 

" The sodium salt is insoluble in concentrated NaOH solution. Dissolves slowly 
in hot concentrated NaOH solution. This compound may be a-methyl-a.y.7-tri- 
phenylglutaric acid. The properties of this compound agree with those described for 
an anhydro derivative of 8-benzoyl-a-phenylpropionic acid. Anschiitz and Montfort, 
Ann., 284, 5 (1895); Hann and Lapworth, J. Chem. Soc., 85,1362 (1904). 

Polymerization of Asymmetrical Diphenylethy1ene.-Ten grams of the ethylene 
was dissolved in 75 cc. of benzene and treated with 4 g. of anhydrous stannic chloride a t  
room temperature. The solution developed a light green color which faded to  a light 
brown during the course of a day or two. After seven days a t  room temperature the 
solution was washed thoroughly with water, dried and concentrated. The product was 
d iolved in alcohol, from which the unsaturated dimer, 1,1,3,3-tetraphenyl-I-butene 
was obtained in 77% yield, the residue being unchanged ethylene. Heating the re- 
action mixture on the steam-bath decreased the yield. 

A similar reaction was carried out a t  room temperature using benzene which had 
been partially saturated with dry hydrochloric acid. The same light grew color ap- 



4030 C. S. SCHOEPPLE AND J. D. RYAN Vol. 52 

peared initially, but after two hours the solution had become dark red, which color 
persisted for about a day and then faded to a light brown. Crystallization of the 
product from absolute alcohol gave a 90% yield of the saturated dimer, l,l,3-triphenyl-3- 
methylhydrindene. 

Rearrangement and Depolymerization of 1,1,3,3-Tetraphenyl-1-butene.-This 
compound in benzene solution is not rearranged under the influence of stannic chloride 
but is partially depolymerized. Five grams of the butene in 40 cc. of benzene was treated 
with 2 g. of stannic chloride, whereupon the solution acquired a light green color which 
persisted for about a day. After seven days a t  room temperature the solution was 
washed with water, dried and concentrated, and the product dissolved in alcohol, from 
which 80% of the butene was recovered. The residue was distilled in vacuum 
and gave 0.7 g. of asymmetrical diphenylethylene. No appreciable rearrange- 
ment was observed with stannic chloride in boilimg benzene, toluene or xylene, but when 
5 g. of the butene was added to 50 cc. of stannic chloride and the solution refluxed for 
one week, a 90% yield of the saturated isomer was obtained. 

The rearrangement is effected readily a t  room temperature provided hydrochloric 
acid is present. Five grams of the butene was dissolved in 40 cc. of benzene which was 
partially saturated with dry hydrochloric acid gas and 2 g. of stannic chloride was added. 
The solution first became light green and then dark red, the latter color fading after a 
day to  a light brown. The solution was allowed to stand for a week a t  room tempera- 
ture and was then washed with water, dried and concentrated. The residue was crys- 
tallized from absolute alcohol and gave a 90% yield of the saturated isomer, triphenyl- 
methylhydrindene. 

Summary 

The saturated dimer of asymmetrical diphenylethylene has been identi- 
fied as 1,1,3-triphenyl-3-methylhydrindene by means of its oxidation prod- 
ucts. 

The preparation of triphenylmethylhydrindene from methyldiphenyl- 
chloromethane has been described, and the method shown to be of general 
application. 

The influence of stannic chloride on the polymerization of diphenyl- 
ethylene and on the rearrangement and depolymerization of 1,1,3,3-tetra- 
phenyl-1-butene has been described. 

A reaction mechanism has been postulated for the formation of fluorene 
derivatives from triarylmethyl blides and for the formation of hydrindene 
derivatives from alkylarylmethyl halides. 

ANN ARBOR, MICHIGAN 
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I. Diphenyl Germanium 
It might be expected that diphenyl germanium could be prepared by 

the reduction of diphenyl germanium dihalides. The reduction of the 
corresponding tin' derivatives is readily effected by means of the alkali 
metals in liquid ammonia. In the case of germanium, howe

v

er, a corre- 
sponding reduction cannot be accomplished because of the tendency of 
the dihalides to ammonolyze. However, since diphenyl germanium 
dichloride is not ammonolyzed in ethylamine, it was thought that re- 
duction might be effected by means of lithium in that solvent. Lithium 
is used in preference to sodium or potassium since it is readily soluble in 
ethylamine. 

The reduction of diphenyl germanium dichloride in ethylamine proved 
impractical as will be shown below. Accordingly, the attempt was made 
to reduce it by means of metallic sodium in xylene. Morgan and Drewa 

have effected the reduction of the triphenyl germanium halide by this 
means. This method proved successful although the yields obtained 
were disappointingly low. 

Action of Ethylamine upon Diphenyl Germanium .Dichloride.-In a 
preceding article of this series it was shown that diphenyl germanium 
dichloride is completely ammonolyzed in liquid amm~nia.~ It was thought, 
however, that the chloride might be dissolved in ethylamine without 
ammonolysis. Accordingly, a weighed quantity of the dichloride was 
treated with ethylamine in a weighed reaction tube. On initial addi- 
tion of the amine, a solid was formed which dissolved readily in an excess 
of the solvent. A similar result was obtained when ethylamine was 
passed through a solution of the dichloride in dry benzene. A precipi- 
tate was initially formed which dissolved on further addition of amine. 

On removing the ethylamine after solution of the dichloride, a definite 
compound could not be isolated. At 90 to 100°, at low pressures, the 
dichloride began to distil to the colder parts of the tube, although all the 
amine had not been removed. The amount of amine left ip the reaction 
product varied with the conditions of the experiment. In one instance 
0.94 millimole of the dichloride retained 5.17 millimoles of amine at 20' 

1 Kraus and Greer, THIS JOURNAL. 47,2568 (1925). 
a Morgan and Drew, J. C h .  Soc., 127,1760 (1925). 
a Kraus and Brown, Tms JOURNAL, 52,3690 (1930). 
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and 38 mm. pressure. After pumping for one hour a t  20°, 3.0 millimoles 
were retained and, after pumping for two hours a t  100°, 0.43 millimole. 

It was not possible to separate the initial solid in pure condition. On 
evaporating the solution, a liquid remained which retained amine with 
great tenacity and from which a solid could not be separated. The small 
quantity of amine retained a t  100° indicates that ammonolysis does not 
take place. 

Reduction of Diphenyl Germanium Dichloride in Ethylamine.Since the dichloride 
does not ammonolyze in ethylamine, it was thought that it might be reduced to free di- 
phenyl germanium by means of lithium in ethylamine solution. For this purpose, a 
weighed quantity of the dichloride was dissolved in ethylamine, cooled in a bath of liquid 
ammonia, and an equivalent quantity of lithium was added. The metal reacted readily 
with the dichloride, yielding a pale yellow solution. Only an insignificant quantity of 
hydrogen was evolved, which showed that the dichloride was not appreaably ammono- 
lyzed. The solvent was evaporated and the two-legged tube was exhausted a t  a tem- 
perature of 100 ", dry ether was condensed on the reaction product and the soluble ma- 
terials were separated from the lithium chloride by decanting the supernatant liquid into 
the second leg of the reaction tube. After removing the ether, the tube was exhausted 
at 100° and finally at 200'. The product left in the second leg of the tube was a resinous 
material which could not be crystallized. Crystals of lithium chloride remained in the 
first leg. 

It was hoped that reaction would occur according to the equation 

I n  spite of the high temperature a t  which the tube was exhausted, the 
weight of the reaction tube and its contents indicated the presehce of 
ethylamine. In four experiments the amount of ethylamine retained 
varied from 0.14 to 0.39 mole of amine per mole of dichloride. Analysis 
of the resinous product obtained in different reactions gave a germanium 
content varying from 29.2 to 31.2%. The germanium content of di- 
phenyl germanium is 32.03%. It is evident that the product consisted 
largely of diphenyl germanium contaminated by some ethylamine and 
probably some other substances. It has since been found that certain 
of the metallo-organic free groups are capable of forming stable com- 
pounds with ethylamine. Thus Eatough4 has shown that triphenyl sili- 
con forms a compound (CeHb)aSi.C&NH%. It is not improbable that  
ethylamine is retained in combination with the diphenyl germanium 
group and that the crystalline product cannot be obtained for this reason. 

Reduction of Diphenyl Germanium Dichloride in Xy1ene.-Morgan and DrewZ 

reduced triphenyl germanium halides by means of sodium in boiling xylene. I t  was 
thought that diphenyl germanium dichloride might be reduced according to  the same 
method. The reduction was carried out in a 100-e~. flask with a long neck which was 
provided with a condenser jacket. An atmosphere of nitrogen was maintained in the 
flask throughout the process of reduction. The xylene used was digested with metallic 
sodium for a considerable period of time and was distilled directly into the reduction 

4 Eatough, Thesis, Brown University, 1929. 



Oct., 1930 

flask under an atmosphere of nitrogen. Three grams of diphenyl germanium dichluride 
was added t o  30 cc. of xylene, followed by thin slices of sodium freshly cut under xylene. 
The mixture was boiled for six hours and fresh sodium was added from time to time to  
insure the presence of a fresh metallic surface. As reduction proceeded, the solution 
took on a red color which gave way to yellow. At the end of the process, only a faint 
yellow color remained. The solution was rapidly decanted and filtered not and the 
brown residue left behind in the flask was washed several times with boiling xylene. 
On cooling the xyleae solution, a small quantity of white crystals separated. These 
were thrown on a filter, while the filtrate was concentrated. Only a small quantity of 
crystalline material was obtained on further concentration. When the solvent was com- 
pletely removed, a viscous yellow liquid remained which, on cooling, solidiied to a resi- 
nous substance that could be chipped and ground to a powder. Attempts to  crystallize 
this material from benzene, chloroform and xylene yielded only minute quantities of 
solid. The crystalline product amounted to from 10 to 20% of the theoretical yield. 
This was analyzed for germanium by the usual methods. 

Anal. Subs., 0.1098, 0.0693: GeOz, 0.0507, 0.0319. Calcd. for (C6Ha)zGe: Ge, 
32.03. Found: Ge, 32.05.31.95; mean, 32.00, 

The molecular weight of the crystalline product was determined in benzene by the 
boiling point method, using a modified Cottrell apparatus. 

Mol. wt. Solvent, 13.18; solute, 0.5476, 0.7590; At 0.123, 0.170'; mol. wt. found, 
902,904; mean, 903. 

The molecular weight of diphenyl germanium is 226.7. If four molecules of di- 
phenyl germanium were polymerized, the molecular weight would be 907, which value 
is in close agreement with that found. 

Properties of Diphenyl Germanium.-The crystalline material is readily soluble in 
benzene so long as the original yellow resin is present but, once separated from this resin, 
it is only slightly soluble in cold benzene, toluene or chloroform. Its solubility in hot 
solvents is limited and it is insoluble in petroleum ether. On slow crystallization from 
benzene, fine white crystals were obtained melting a t  294-4295' (corr.). These crystals 
undergo no change on exposure to the atmosphere. 

The Resinous Reduction Product.-Analyses of the resinous material varied, de- 
pending upon the sample. The germanium content was found to  range from 29.6 to  
30.4% as against 32.03% for pure diphenyl germanium. The molecular weight of the 
resinous material, as determined in benzene by the cryoscopic method, was found to  be 
900 and 930 in two determinations, respectively. 

The analyses and the molecular weight determinations indicate that the resin is an 
impure polymer. In  many respects it resembles the product of reduction in ethylamine. 
No crystals could be obtained from this resinous material although numerous solvents 
were tried under varying conditions. 

Disodium Diphenyl Gennanide.-Disodium diphenyl gennanide is readily pre- 
pared by treating diphenyl germanium with an equivalent quantity of sodium in liquid 
ammonia. For this purpose a reaction tube is used of the type outlined in the accom- 
panying figure. The diphenyl germanium is introduced into the reaction tube A. The 
top of this tube is provided with a ground joint B which carries a stirring tube C that  
reaches to the bottom of the reaction tube. The stirring tube is provided with a stop- 
cock D. The neck of the reaction tube is provided with a second stopcock E. The 
tubes F and G are connected with the system by means of de Khotinsky cement. The 
system makes connection with a source of pure ammonia, a manometer. a vacuum pump 
and with an adjustable mercury trap. The reaction tube is provided with a side arm J 
which carries a tube K, the end of which projects into the side arm and is fitted to J 
by means of a ground joint L. The sodium which is to be used in reducing the diphenyl 
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germanium is weighed out under Nujol, washed with petroleum ether and introduced 
into tube K, which is then inserted into the ground joint. The reaction tube is then 
evacuated. 

The reaction tube A is now surrounded by a bath of boiling ammonia and ammonia 
vapor is introduced through the stopcock D under a pressure about 20 cm. above that 
of the atmosphere. This pressure is regulated by the height of mercury in the mercury . 
trap. When a sufficient quantity of ammonia has been condensed in the reaction tube, 
stopcock E is closed and, by turning the tube K about its axis in the ground joint, sodium 
is introduced into the reaction tube piece by piece. 

The sodium goes into a solution and reacts 
readily with the diphenyl germanium. The blue 
color, characteristic of the free metal, disappears 
and a yellow color replaces it. The reaction 
takes place in two steps, in which respect it re- 
sembles the corresponding reaction of dimethyl 
tin described by Kraus and Greer.' On the 
initial addition of sodium, the solution exhibits a 

/c yellow color and, when approximately one-half 
/ the equivalent amount of sodium has been added, , I the diphenyl germanium has been completely dis- 

solved. This stage of the process corresponds to 
/A the formation of disodium tetraphenyl germano- 

ethane. On further addition of sodium, the ger- 
manium bond is broken and disodium diphenyl 
germanide is formed. The latter compound is 
also soluble in liquid ammonia and imparts a deep 
red color to the solution. At higher concentra- 
tions the solutions are almost opaque. 

Fig. 1.-Reaction tube. Attempts were made to prepare a diphenyl 
germane by treating the solution of disodium 

diphenyl germanide with ammonium bromide. While in certain experiments evidence 
was found that the dihydride may have been formed initially, the compound could not 
be isolated. Seemingly, hydrogen is lost and more complex derivatives are formed. 
The final product was in all cases a viscous liquid. 

11. Octaphenyl Germanopropane 
Octaphenyl germanopropane could doubtless be prepared by treating 

disodium diphenyl germanide with triphenyl germanium halide in am- 
monia or other solvents. However, in view of the difficulty of preparing 
diphenyl germanium, it seemed preferable to prepare the germanopropane 
by treating sodium triphenyl germanide with diphenyl germanium dihalide 
in a suitable solvent. Reaction takes place according to the equation 

2(CsH&)sGeNa + (Cd&)ZGeC12 = 2NaCl 4- (CaH6)rCea 
Preparation.Sodium triphenyl germanide was prepared by adding 0.1437 g. 

(5.876 m. atoms) of sodium to 1.779 g. (2.93 m. moles) of hexaphenyl germano-ethane in 
liquid ammonia. The ammonia was allowed to evaporate and the tube containing the 
product was evacuated for twelve hours. The yellow color of the sodium salt gave way 
to white as the residual ammonia was removed. Dry benzene was then distilled onto 
the sodium triphenyl germanide, the tube was filled with nitrogen and 0.873 g. (2.93 
m. moles) of diphenyl germanium dichloride was added. The reaction mixture was 



heated with occasional shaking for eight hours. The contents of the tube were then 
rapidly filtered and most of the solvent was removed by distillation. On cooling. a small 
crop of crystals appeared. These were separated by filtration and, by their melting 
point, identified as h e x a p h e l  germano-ethane. On further concentration of the fil- 
trate, a second crop of crystals was obtained in the form of large flakes. These were 
removed, washed with cold chloroform and recrystallized from that solvent prior to analy- 
sis. On further evaporation of the original solution, a viscous liquid was left behind. 

Anal. Subs., 0.1354, 0.2023: GeOz, 0.0506, 0.0762. Calcd. for Ge3(CaHa)a: 
Ge. 26.11. Found: Ge. 25.94.26.14: mean, 26.04. 

The molecular weight of the germanopropane was determined in benzene by the 
boiling point method. 

Mol. wt. Solvent, 16.05, 15.67; solute, 0.7071, 0.9811; At, 0.135O. 0.195'; mol. 
wt. found, 871,875; mean, 864; calcd. for G~Z(C!&)~: 834. 

Properties.-Octaphenyl germanopropane is stable toward air and moisture. On 
rapid crystallization from chloroform, a fine white crystalline powder is obtained, while 
on slow crystallization plate-like crystals are formed. The compound is readily soluble 
in warm benzene and chloroform. I t  melts a t  247-2423' (con.). 

Action of Bromine on Octaphenyl Gennanopfopane.-As a further check on the 
structure of the germanopropane and in order to test the resistance of the Ge-Ge bond 
toward bromine, the compound was treated with bromine in carbon tetrachloride. Re- 
action took place a t  ordinary temperatures, the intensity of the color due to  bromine 
gradually diminishing until, a t  the end of eighteen hours, the solution was but faintly 
yellow. This color disappeared entirely on warming the solution. On evaporation of 
the solvent, a crystarme mass resulted in which traces of a viscous liquid were present. 
The reaction product was extracted with petroleum ether and upon evaporation crystals 
were obtained that melted a t  13S0. This corresponds to the melting point of triphenyl 
:crmanium bromide. A small quantity of a viscous liquid was also obtained and, when 
this was treated with a drop of water, a white film was formed. This is characteristic 
of diphenyl germanium dibromide, the white film being due to the oxide formed on hy- 
drolysis. The remainder of the crystalline product was unchanged octaphenyl ger- 
manopropane. I t  is evident that the G& bond is less stable toward bromine than is 
the phenyl germanium bond. On bromination in carbon tetrachloride, the Ge-Ge 
linkage is broken down. 

sununary 
Diphenyl germanium &chloride is not ammonolyzed in ethylamine. 

The reduction of diphenyl germanium dihalide by means of lithium in 
ethylamine proved unsuccessful. The reduction product was a resinous 
material whose composition approximated that of diplienyl germanium 
but which could not be purified. 

Diphenyl germanium, in crystalline form, was obtained by the reduc- 
tion of diphenyl germanium dichloride by means of sodium in xylene. 
The yields were small, the greater proportion of the product consisting of 
a resinous material resembling that obtained on reduction in ethylamine. 

Disodium diphenyl germanide was prepared by the action of sodium 
on diphenyl germanium in liquid ammonia. 

Octaphenyi germanopropane was prepared by the action of sodium tri- 
phenyl germanide on diphenyl germanium dichloride in benzene solution. 
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[A COMMUNICATION FROM THE LABORATORY OF ORGANIC CHEKISTRY OF THE U N W E R S ~  
OF WISCONSIN] 

THE CLEAVAGE OF CERTAIN UNSYMMETRICAL 
193-DIKETONES 

BY WALTER M. KIJTZ AND HOMER ADI~MS 

A diketone of the type R'C(0)CRzC(O)Rn may undergo alcoholysis to 
form either the ester R'COOEt or RVCOOEt, together with the corre- 
sponding ketones. Bradley and Robinson1 found in the case of 18 out of 
20 aryl 1,3-diketones that alkaline hydrolysis took place in such a way that 
the stronger of the two possible acids was produced in the larger amount. 
It was shown in a previous paper2 that acetylbenzoylmethane and benzyl- 
acetylbenzoylrnethane underwent alcoholysis in the presence of hydrogen 
chloride to give ethyl acetate unmixed with any ethyl benzoate. Having 
these facts in mind, the alcoholysis and hydrolysis of certain unsymmetrical 
1.3-diketones were carried out with the view to ascertain to what extent 
structural factors and experimental conditions determine the point of 
cleavage. The ratios of products in the hydrolysis and alcoholysis of the 
following list of 1,3-diketones have been determined 

Alcoholysis was carried out by placing the desired amount of diketone, together 
with a one-half molar ratio of hydrogen chloride in ethanol, in a thermostat at  60' 
for four days. The volume of the alcoholysis mixture was approximately 25 ml. per 
0.01 mole of diketone. Two ml. of phenylhydrazine per 0.01 mole of sample was then 
added to combine with the hydrogen chloride and ketones. After standing for two hours, 
the reaction mixture was distilled from an oil-bath a t  a temperature of 110-120'. At 
this stage the reaction mixtures from the five aliphatic diketones were treated with 
four successive portions (15 mi.) of butanol, each portion being distilled out under a 
pressure of 100 mm. before the addition of the next. This procedure was necessary in 
order to distil out the esters of the various butyric and valeric acids. The ester in the 
distillate was saponified with 0.1 N sodium hydroxide and the excess back titrated with 
sulfuric acid of the same concentration, phenolphthalein being used as an indicator. 
The mixture was evaporated to dryness and an amount of 0.3 N sulfuric acid, equivalent 
t o  the sodium salts of the fatty acids present, added. This solution was diluted with 
water until 50 ml. contained approximately 7.5 millimoles of acid. 

I n  the case of four of the diketones, one of the esters which could be formed was too 
high boiling to be conveniently distilled out in the presence of phenylhydrazine. After 
completion of alcoholysis, the mixture was divided into two equal portions. To one 
phenylhydrazine was added and the ethyl acetate present distilled out with ethanol. 
The other half was analyzed for acetone by the sodium sulfite method as previously 

Bradley and Robinson, J. Chem. SOG., 129, 2356 (1926). 
%&ins, Kutz and Coffman, Txns JOURNAL, 52,3212 (1930). 
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described.8 The alcoholysis sample was distilled, giving a distillate which contamed 
ethyl acetate, ethanol, hydrogen chloride and any acetone; aqueous sodium hydroxide 
was then added to neutralize the acid and to saponify the ester. This mixture was 
distilled, any acetone present being thus obtained in an ethanol-water solution. 

The method of analysis for the ratio of acids (or esters) produced in the cleavage ' 
of the diketones involved the partition of the acids between water and benzene, the ti- 
tration of each layer with standard alkali and the calculation of the ratios of the acids 
present from the result of this titration and a knowledge of the partition of the acids 
involved between water and benzene. 

Behrens4 described the determination of a number of acids by the parti- 
tion between ether and water. The greater insolubility in each other of 
benzene and water and the greater differences in the partition coefficients 
of the aliphatic acids for this pair of solvents5 indicated that benzene was 
to be preferred to ether as the organic solvent.= 

The results of the determination of the partition of the various acids 
(except acetic) at  various concentrations between equal volumes of benzene 
and water is shown in Fig. 1. The concentration of acetic acid in the 
benzene layer was found to be from 1.9 to 2.2 millimoles per liter when the 
concentration in the water layer was from 75 to 110 millimoles per liter. In 
the later calculations the concentration of acetic acid in the benzene layer 
was taken as 2 millimoles per liter. Since all of the samples to be analyzed 
contained approximately 1.5 X lo-' moles of sodium sulfate per liter, that 
concentration of the salt was always present in the water layer during the 
determination of the partition of the acids. The titrations were made on 
25-ml. samples with 0.1 N sodium hydroxide, using phenolphthalein as an 
indicator, after partition had taken place over a two-hour period, the 
samples being shaken frequently while they were held in a thermostat a t  25O. 

The acid solutions obtained by the alcoholysis and hydrolysis of the various di- 
ketones were analyzed for the two acids present. Fifty ml. of the solution prepared as 
described above was placed in a separatory funnel and shaken with 50 ml. of benzene. 
After shaking for a few minutes it was placed in a thermostat at  25' and shaken a t  in- 
tervals of fifteen minutes over a period of two hours. The layers were separated and 
titrated with carbonate-free 0.1 N sodium hydroxide. From the previously determined 
partition ratios the amount of each acid present and consequently the amount of split 
was calculated. Using the data which were found in the analysis for the acids formed 
in the hydrolysis of acetylbutyrylmethane, a calculation of the percentage of acetyl 
split as compared to tb'e total amount of hydrolysis is shown below. After partition of 
the aqueous acid solution with benzene, 63.0 ml. of 0.1 N alkali was required to neu- 
tralize 50 ml. of the water layer and 18.5 ml. of 0.1 N alkali for the same volume of the 
benzene layer. Therefore the amount of acid in the water layer was 6.3 millimoles and 
in the benzene layer 1.85 millimoles. The concentration of acetic acid in the benzene 
layer under the conditions used here had been determined to be approximately 2.0 

Child and Adkins, THIS JOURNAL, 45,3013 (1923). 
Behrens, 2. anal. Chem., 69, 97 (1926). 

6 Brown and Bury, J. Chem. Soc., 123, 2430 (1923); Smith and White, J. Phys. 
Chem., 33, 1953 (1929). 

6 Cf. Werkman, Ind. Eng. Chem., Anal. Ed., 2,302 (1930). 
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millimoles per liter or 0.1 millimole in 50 ml. of solution. The concentration of butyric 
acid in the benzene layer was accordingly 35 millimoles per liter. From the graph on 
which the partition data for the various acids had been plotted, the corresponding con- 
centration of the butyric acid in the water layer was shown to be 48 millimoles per liter 
or 2.4 millimoles in 50 ml. The total amount of acetic acid was equal to the amount of 

Millimoles per liter in water layer. 
Fig. 1.-Distribution of (1) cyclohexanoic, (2) benzoic, (3) 

trimethylacetic, (4) n-valeric. (5) methylethvlacetic, (6) iso- 
valeric, and (7) a-butyric acids a t  various concentrations between 
equal volumes of benzene and water containing 0.15 mole of 
sodium sulfate per liter. 

acid in the water layer plus the amount of acetic acid in the benzene layer minus the 
amount of butyric acid in the water layer, i. e., 6.3 + 0.1 - 2.4 = 4.0 millimoles. The 
amount of butyric acid was determined by difference, the total acidity of the water and 
benzene layers less the amount of acetic acid, i. e., 8.15 - 4.0 = 4.15 millimoles. The 
percentage of "acetyl" cleavage was therefore 49% (4.0/8.15 X 100). 

The accuracy of the method of analysis was tested by the analysis of mixtures of 
known composition of acetic and butyric acids, of acetic and valeric acids, of ethyl ace- 
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tate and ethyl butyrate, and of ethyl acetate and ethyl valerate. The results were as 
follows. A solution containing the acids in the ratio 51.5% acetic acid and 49.50Jo bu- 
tyric acid was found to contain 50 and 50% acetic acid in two analyses. A solution 
containing 52.4% acetic and 47.6% valeric acids showed by analysis 53 and 53% acetic 
acid. A mixture of esters containing 49.8% ethyl acetate and 50.2% ethyl butyrate 
showed 47 and 46y0 acetic acid upon analysis. A mixture of ethyl acetate (56.7Yo) 
and ethyl valerate (43.395) showed 5.570 acetic acid after saponification and partition. 
Another sample containing 74.9% of ethyl acetate showed by analysis 77%. 

The determination of the products formed in hydrolysis was very similar to  the 
method just described. The diketone was placed in a thermostat a t  60 O with an excess 
of 0.1 N sodium hydroxide. Twenty-four hours were sufficient to  give practically 
complete hydrolysis, except in the case of acetyltrimethylacetyImethane, which required 
at  least twice that length of time. The hydrolysis sample was back titrated with stand- 
ard sulfuric acid and then evaporated to dryness. The procedure from this point on 
was the same as for the alcoholysis samples, z. e., the addition of a calculated quantity of 
standard sulfuric acid, partition, titration and calculation. 

In the hydrolysis of acetylbenzoylmethane, benzylacetylbenzoylmethane, acetyl- 
cyclohexoylmethane and acetylfuroylmethane, one of the acids which could be formed is 
only slightly soluble in water a t  25O, so in these cases the whole of an hydrolysis sample 
was subjected to partition rather than an aliquot portion. The aqueous acid solution 
was not homogeneous and a representative sample could not be secured. 

The amounts of acids, expressed in millimoles, from the esters formed in the alco- 
holysis of five diketones are given below: from acetylbutyrylmethane, acetic acid 4.15 
and 4.30, butyric acid 5.47 and 5.35; from acetylvalerylmethane, acetic acid 6.26 and 
5.53, valeric acid 4.06 and 3.37; from acetylisovalerylmethane, acetic acid 4.04 and 5.25. 
isovaleric acid 2.55 and 2.75; from acetyl-sec.-valerylmethane, acetic acid 5.80 and 5.90, 
sec.-valeric acid 1.38 and 1.38; from acetyltrimethylacetylmethane, acetic acid 6.04, 
6.14 and 6.44, trimethylacetic acid 0.56, 0.56 and 0.80. 

The amounts of ethyl acetate and acetone expressed in millimoles formed in the 
alcoholysis of four diketones (which might split to give high-boiling esters) are given 
below: from acetylbenzoylmethane, ethyl acetate 8.66 and 8.66, acetone, none; from 
acetylcyclohexanoylmethane, ethyl acetate 5.80 and 6.02, acetone 4.3 and 4.0; 
from benzylacetylbenzoylmethane, ethyl acetate 7.70 and 8.30, ethyl benzoate, none; 
from acetylfuroylmethane, ethyl acetate 13.1 and 12.4, acetone, none. 

The amounts of acids, expressed in millirnoles, from the alkaline hydrolysis of nine 
diietones are given below: from acetylbutyrylmethane, acetic acid 4.00 and 4.04, bu- 
tyric acid 4.15 and 4.15; from acetylvalerylmethane, acetic acid 4.38 and 4.42, valeric 
acid 3.58 and 3.66; from acetylisovalerylmethane, acetic acid 5.52 and 5.80, isovaleric 
acid 2 71 and 2.87; from acetyl-set.-valerylmethane, acetic acid 4.85 and 4.90, set.- 

valeric acid 2.95 and 2.95; from acetyltrimethylacetylmethane, acetic acid 4.25, 4.35 
and 4.93, trimethylacetic acid 3.15, 3.15 and 3.35; from acetylbenzoylmethane, acetic 
acid 5.09 and 5.67, benzoic acid 0.82 and 0.93. From acetylcyclohexanoylmethane, 
acetic acid 4.69 and 4.74, cyclohexanoic acid 3.71 and 3.76; from benzylacetylbenzoyl- 
methane, acetic acid 5.25 and 5.90, benzoic acid 2.35 and 2.70; from acetylfuroyl- 
methane, acetic acid 8.62 and 8.78, furoic acid, none. 

There is given in Table I a summary calculated from the above data 
which indicates the extent to which the linkage on the one side or the 
other of the "methane" carbon atom was split by alcoholysis or hydrolysis. 

There does not appear to be a close agreement between the strength of 
the acids and the ratio in which they were produced through hydrolysis, 
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THE RATIO O F  PRODUCTS I N  THE CLEAVAGE OF CERTAIN 1,3-DIKETONES 
-Alcoholysis-, -Hydrolysis- 

Diketone CHs-C=O. % R-C=O, % CHs-C=O, % R-CEO, % 
I I I I 

Acetylbutyrylmethane 
Acetylvalerylmethane 
Acetylisovalerylmethane 
Acetyl-sec.-valerylmethane 
Acetyltrimethylacetylmethane 
Acetylbenzoylmethane 
Acetylcyclohexanoylmethane 
Benzylacetylbenzoylmethane 
Acetylfuroylmethane 

although in the case of the hydrolysis of four of the five aliphatic diketones 
the stronger acid was produced in the larger amount. Furoic acid is forty 
times as strong as acetic acid, yet none was produced in the hydrolysis of 
acetylfuroylmethane. Benzoic acid is three to four times stronger than 

, acetic acid yet over five times as much acetic as benzoic acid was produced 
in the hydrolysis of acetylbenzoylmethane, while when one of the hydrogens 
on the "methane" carbon atom had been replaced by a benzyl group the 
ratio of acetic to benzoic acid was slightly more than 2 to 1. Butyric and 
acetic acids were produced in almost equal amounts by the hydrolysis of 
acetylbutyrylmethane, while twice as much acetic acid as isovaleric acid 
was produced in the hydrolysis of acetylisovalerylmethane despite the 
fact that isovaleric acid is stronger than butyric acid. 

In the case of three of the nine diketones (acetylisovalerylmethane, acetyl- 
cyclohexanoylmethane and acetylfuroylmethane) there was no essential 
difference between the ratio of the products produced in hydrolysis and 
alcoholysis. In one case (acetylbutyrylmethane) the cleavage to produce 
a n  acetyl compound was slightly less in alcohol than in water, but in this 
determination (acetic and butyric acids) the experimental error was largest. 
I n  the other five cases there was from 10 to 45% greater production of the 
acetyl compound in acid alcoholysis than in alkaline hydrolysis. In 
general i t  would seem that the ratio of products is less modified by changes 
in structure in the case of alkaline hydrolysis than in acid alcoholysis. 

The data for the four diketones which have a butyl group at one end of 
the diketone molecule show clearly that increased branching in the radical 
greatly slows up the rate of alcoholysis (both actually and relatively) at  that 
side of the molecule. The diketone having the n-butyl group breaks to give 
39% of the five-carbon acid, the diketone having the isobutyl group gives 
34.5y0 of the corresponding acid, the sec.-butyl group gives 19% of the 
acid while with the tert.-butyl group the production of the five-carbon acid 
has dropped to 9%. In contrast with this is the fact that the alkaline 
hydrolysis was but little affected by these changes in structure. In  this 
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connection it should be pointed out that the alcoholysis of the diketones 
containing the sec.-butyl and tert.-butyl groups was very slow and did not 
go more than 20 to 30% to completion in 150 hours, while in the case of all 
the other diketones (except benzylacetylbenzoylmethane) alcoholysis was 
100% in less than 100 hours. These facts might be explained on the basis 
of steric hindrance were it not for the fact that the unsaturated cyclic 
radicals phenyl and fury1 decreased alcoholysis on that side of the diketone 
to the vanishing point while the cyclohexyl radical permitted a 41.5% 
cleavage to form ethyl cyclohexanoate. It appears then that the factors 
which are operating in these cases to determine the point of cleavage are 
probably constitutional rather than steric. 

It has been pointed out2 that there is a correlation between the extent of 
enolization of a diketone and the rate of alcoholysis in the presence of 
hydrogen chloride. Thus it is possible that the ratio of the products 
in the acid alcoholysis of an unsymmetrical diketone represents approxi- 
mately the ratio of the extent of the enolization of the two carbonyl groups. 

The authors wish to emphasize that in their opinion the ratios of products 
formed in the solvolysis of the 1,s-diketones as reported in this paper are 
simply a measure of the relative rates of two competitive reactions and are 
in no sense measures of the strength or thermodynamic stability of the 
linkages involved. As noted in another paper they have so far failed in all 
attempts to determine the latter values for any 1,3-diketones. Such values 
are as much a characteristic of a given structure as its absorption spectra, 
while the ratio of the rates of two alternative modes of reaction are modifi- 
able almost without limit. It is interesting to note that the experimental 
work reported in this paper shows that increased branching in the butyl 
radical decreases the rate of cleavage of the acyl radical containing i t  from 
the remainder of the molecule to which it is attached, while Conant, Small 
and Sloan7 have shown that increased branching in the butyl group in- 
creases the extent of dissociation of hexasubstituted ethanes. This latter 
determination is, of course, a measurement of the thermodynamic stability 
of the carbon to carbon linkage. 

Preparation and Purity of Reagents.-Acetylbutyrylmethane, acetylvaleryl- 
methane, acetylisovalerylmethan6 acetyl-sec.-valerylmethane, acetyltrimethylacetyl- 
methane, acetylbenzoylmethane and acetylcyclohexanolmethane were prepared by the 
method previously described,". e., by condensing ethyl acetate with the proper methyl 
ketone in the presence of metallic sodium. Acetylfuroylmethane was prepared by 
condensing ethyl furoate &th acetone in the presence of sodium ethoxide, the method 
being the same as for diacetylmethane, except that toluene was substituted for the excess 
ester used as a solvent in that preparation. The preparation of benzylacetylbenzoyl- 
methane was described in the previous paper. There is given below a summary showing 
the physical constants, yields and analyses where necessary of the various reagents used 
in this investigation. AcetylbutyryImethane: yield 48%, b. p. 173-17b0, dig 0.9375 

Conant, Small and Sloan, THIS JOURNAL, 47,3068 (1925); 48, 1743 (1926). 
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[Morgan and Drew, J. Ckem. Soc., 125,737 (1924)l; a~et~lvalerylmethane: yield 58%. 
b. p. 64-46' (5 mm.), 0.9218 [Morgan and Holmes, ibid., 760 (1924)l; acetyl-set.- 
valerylmethane: yield 52%, b. p. 62-65' (5 mm.), 0.9160 [Anal. Calcd. for C8H1401: 
C, 67.55%; H, 9.93%. Found: C, 67.32, 67.26%; H, 9.77, 9.62%]; acetyl- 
trimethylacetylrnethane: yield 51%. b. p. 164-167", 0.9155 [Couturier, Compt. 
rend., 150, 928 (1910) 1 ; acetylbenzoylmethane: m. p. 57-58' (see earlier paper) ; 
benzylacetylbenzoylmethane:, m. p. 55-56" (see earlier paper); acetylcyclohexanoyl- 
methane: yield 55%' b. p. 10P107" (10 mm.), dig 1.0080 [Godchot, Compt. rend., 151, 
1131 (1910)]; acetylfuroylmethane: yield 20y0, m. p. (from ethanol and water), 30-31 " 
[Anal. Calcd. for CsHsOs: C, 63.13%; H, 5.30%. Found: C, 62.98, 62.80%; 
H, 5.41, 5.38%] ; acetic acid: b. p. 116-117 " (after crystallization) ; butyric acid: 
b. p. 161-161.5°; valeric acid: b. p. 1801182"; isovalenc acid: b. p. 172-174'; methyl- 
ethylacetic acid: b. p. 172-174'; trimethylacetic acid: m. p. 34-35'; benzoic acid: 
m. p. 120-121 "; cyclohexanoic acid: m. p. 28-30'. 

Summary 

The ratio of esters and of salts of acids produced in the acid alcoholysis 
and the alkaline hydrolysis, respectively, of nine unsymmetrical 1,3- 
diketones has been determined and the results summarized in tabular form. 
There was not found to be a close correlation between the amounts and the 
strength of the acids produced in hydrolysis such as had previously been 
observed in the case of certain diary1 1,3-diketones. The ratio of products 
was less modified by changes in structure in the case of alkaline hydrolysis 
than in acid alcoholysis. Increased branching in the radical a t  one end of 
the diketone molecule decreased the cleavage on that side but this does not 
appear to be due entirely to steric effects, for the cyclohexyl group was 
much less effective in this regard than the phenyl or fury1 radical. It has 
been suggested that the ratio of products is a measure of the relative extent 
of enolization of the two carbonyl groups in these unsymmetrical diketones. 

The preparation of acetyl-sec.-valerylmethane and acetylfuroylmethane 
is reported for the first time. 
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The addition reactions of conjugated systems have been for some time 
the subject of an investigation in tbis Lab0ratory.l In our earlier work we 
were mainly concerned with the addition reactions of a-substituted con- 
jugated compounds, RCH=CHCH==CH2, but in order to ascertain the 
effect of conjugation, free from the influence of substituent groups, we 
undertook an investigation of the addition reactions of butadiene, CH2= 
CHCH=CH2. The present paper contains the results of a study of the 
preparation and chlorination of butadiene. 

The preparation of butadiene was first reported by C a ~ e n t o u , ~  who 
obtained it by passing the vapors of fuse1 oil through a hot tube. Since 
then it has been found in varying amounts (usually very small) in the pyro- 
genic decompositions of a large number of organic compounds. The 
possibility of using butadiene as a raw material for the production of rubber 
stimulated a great deal of work on the preparation of this hydrocarbon. 
HarriesJ3 one of the pioneers of rubber chemistry, has shown that while 
exceIIent rubber is obtained by the polymerization of isoprene, rubber of 
still better quality is produced by the polymerization of butadiene. Most 
of the methods that have been patented for the preparation of butadiene 
are based on the pyrogenic decomposition and cracking of different pe- 
troleum pr~ducts .~ However, the yields of butadiene obtained by these 
methods invariably have been low. 

A different method for the preparation of butadiene was suggested by 
Perkin%ased on the method he developed for the preparation of isoprene. 
This method may be formulated as follows 

Dry HCl 
CH&!H2CH2CH20H - CHaCH,CH,CH,Cl 

Butyl alcohol Butyl chloride 
Cln 

Butyl chloride + Mixture of a,&, a,?- and a,6- 
butane dichlorides 

Muskat and Huggins, THIS JOURNAL, 51, 2496 (1929); Muskat, Becker and 
Lowenstein, im., 52,326 (1930) ; Muskat and Becker, iM., 52,812 (1930) ; Muskat and 
Grimsley, ibid., 52, 1574 (1930). 

Caventou, Ann., 127,348 (1863). 
' Harries, ibid., 383, 213 (1911). 

Brooks. "Chemistry of Non-Benzenoid Hydrocarbons," The Chemical Catalog 
Co., Inc., New York, 1922, gives a rather complete review of the various methods that 
have been used for the preparation of butadiene. 

Perkin, J. Sac. Chem. Ind., 31,616 (1912). 
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Soda lime 
Butane dichlorides --------t CH2=CHCH=CH2 

at 470° Butadiene 

He states that he tried this method once and that the yield appeared to be 
good, but he gave no actual figures. 

Since this 1912 paper Perkin has not published further concerning the 
preparation of butadiene or the development of the process he suggested. 
It is also of interest that of the many research investigations published since 
1912 in which butadiene was used, not any of the investigators pre- 
pared the butadiene according to the method suggested by Perkin. We 
must, therefore, conclude that the method of preparing butadiene de- 
vised by Perkin was not considered successful. 

Since we intended to make an extended study of butadiene and its addi- 
tion reactions we made a preliminary investigation of the various methods 
suggested for its preparation. The method devised by Perkin appeared the 
most promising and we have developed this method so that it gives a much 
better yield of butadiene than that obtained by any of the other methods. 

n-Butyl alcohol was converted into n-butyl chloride according to the 
method of Norris6 by heating the alcohol with concentrated hydrochloric 
acid and anhydrous zinc chloride. The pure chloride was then further 
chlorinated to the dichloride. In order to insure the complete conversion, 
as far as possible, of the monochloride to the dichloride without the forma- 
tion of any higher chlorinated products, a specially designed apparatus was 
used. This was modeled after a similar apparatus used by Perkin in his 
work on the chlorination of isoamyl chloride. A detailed description of the 
apparatus will follow in the Experimental Part. It was possible to chlori- 
nate in this apparatus two liters of butyl chloride to the dichloride in about 
six hours. 

The chlorinated reaction mixture was then distilled through a fraction- 
ating column. From the distillation temperatures of the fractions collected 
i t  appeared that the chlorinated product consisted of a mixture of some 
unreacted butyl chloride and the a,P-, a ,  y- and a,G-dichlorobutanes (possi- 
bly also some a,a-dichlorobutane). Detailed data concerning the yields of 
these fractions will be found in the Experimental Part. -- 

Each of the fractions of the dichlorobutanes was distilled over coarse soda 
lime contained in an iron tube heated at.a temperature of about 700-730'. 
The volatile products coming from the hot tube were passed through several 
condensers and wash bottles and finally absorbed in chloroform or ligroin 
to be treated as desired. A diagram of this cracking apparatus is included 
in the Experimental Part with the yields of butadiene obtained from each 
fraction of the dichlorobutane mixture. The best yield was obtained from 
the a,y-dichlorobutane, which was about 30 mole per cent. of the theoreti- 

Norris, "Organic Syntheses," John Wiey and Sons, Inc., New York, 1925, 
Vol. V, p. 27. 



OC~., 1930 PREPARATION AND CHLORINATION OF BUTADIENE 404~5 

cal. This is considerably higher than the yield of butadiene reported 
from other methods, 

The addition of bromine to butadiene was first studied by GrinerJ7 
then by Thieles and &ore recently by Farmer and his students.§ The 
latter have definitely shown that butadiene unites with bromine to  form a 
mixture of two dibromides. One of these, a liquid, is the l,2-dibromide, 
CH2BrCHBrCH=CH2, its structure being proved by ozonization. The 
other is a solid compound, m. p. 53-54', proved by Thiele to  possess the 
1,4-structure, CH2BrCH=CHCHtBr. Farmer further showed that when 
either the 1,2- or l,4-dibromide is heated for a few minutes a t  100°, the 
product is a mixture in which the two isomerides appear t o  be in equi- 
librium, the equilibrium mixture consisting of 20% of the 1,2- to  80% of 
the 1,4-isomer. At room temperature the change is very slow. The 
equilibrium depended in a large measure on the solvent used. Previous 
to the publication of Farmer's work one of us (M) had determined the 
same equilibrium between the two dibromide isomers of butadiene and 
found the equilibrium mixture of the pure compounds to consist of 18% of 
the 1,2-dibromide to 82% of the 1,4-isomer. 

The addition of hydrogen bromide to butadiene was studied by Ipatiew,lo 
who obtained an unsaturated bromide, C4H,Br, but he was not able to 
determine its structure. 

Lebedevu studied the catalytic reduction of butadiene and found that 
both double bonds are attacked but not at  the same rate. 

Diels and AlderI2 have found that butadiene will add maleic anhydride, 
and similar compounds containing the group C=C-C---0, in the 1,4- 
position. The exact mechanism of this reaction is not yet fully understood. 

These are the only investigations of the addition reactions of butadiene 
which have been reported in the literature. As a continuation of our 
studies on the addition reactions of conjugated systems we have investi- 
gated the chlorination of butadiene. 

On chlorinating butadiene in carbon disulfide, ligroin or chloroform 
solution, a mixture of two dichlorides and two tetrachlorides was obtained. 
The pure dichlorides are colorless oils and distil, under 40 mm. pressure, 
at  45-45.5' and at 75-76O, respectively. One of the tetrachlorides is an 
oil, b. p. 110-111' under 40 mm. pressure, whiie the second tetrachloride, 
which distilled at  130-134' under 40 mm. pressure, crystallized to a solid, 
m. p: 72') which is the same melting point recorded by Henningerla for the 

1 Griner, Compt. rend., 116, 723 (1893); 117, 553 (1893). 
Thiele, Ann., 308, 333 (1899). 

9 Farmer, Lawrence and Thorpe, J. C k m .  SOC., 729 (1928). 
lo Ipatiew, J. prakt. Chem., 121 67,420 (1903). 
" Lebedev, J.  Chem. Soc., 2190 (1928). 
" Diels and Alder, Ann., 460, 98 (1928). 
la Henninger, Ann. chim., [6] 7,229 (1886). 
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tetrachlorobutane he obtained on treating erythritol with phosphorus 
pentachloride. 

The structures of the two dichlorides were proved by oxidation. Three 
dichlorides are theoretically possible, one 1,2-addition compound and two 
1,4-addition compounds, the cis and trans isomers. On ozonizing the 
lower-boiling dichloride it was possible to isolate a,b-dichloropropionic 
aldehyde. This proves that the lower-boiling dichloride has the structure 
CH2CICHClCH=CH2, and was formed by the 1,2-addition of chlorine to 
butadiene. The 1,2-structure of the dichloride was further confirmed by 
oxidizing it with potassium permanganate in dilute alcoholic solution. 
a,p-Dichloropropionic acid was isolated from the reaction product. 

On oxidizing the higher-boiling dichloride with ozone or potassium per- 
manganate in dilute alcoholic solution, it was possible to isolate in each case 
chloro-acetic acid. This proves that the higher-boiling dichloride has the 
1,4-structure, CHZC~CH=CHCH~CI. 

When the lower-boiling dichloride is further chlorinated to  the tetra- 
chloride, the liquid tetrachloride is formed to the exclusion of the solid 
isomer. On the other hand, the higher-boiling dichloride absorbs a mole- 
cule of chlorine to give a preponderance of the solid tetrachloride with 
some of the liquid isonier. 

Samples of the two dichlorides and of the two tetrachlorides were reduced 
with powdered zinc in alcohol. In each case butadiene was formed; this 
was identified as the tetrabromide, m. p. 114'. 

I t  was possible to control the chlorination of butadiene so that the di- 
chlorides were formed almost exclusively. The detailed procedure will be 
found in the Experimental Part. From the results of a large number of 
such chlorinations it appeared that about twice as much of the 1,2-di- 
chloride was formed as of the 1,4-dichloride. 

If either of the dichlorides, the 1,2- or 1,4-isomer, is heated to about 90' 
with twice its weight of dry powdered potassium hydroxide, a vigorous 
reaction occurs, and a lower-boiling dichloride distils over. After several 
fractionations a colorless liquid was obtained, b. p. 85' under ordinary 
pressure, which proved to be monochlorobutadiene, CHCl=CHCH=CHz. 
It polymerized on standing to a dark resinous mass. Since the 1,2-di- 
chloride gives the same monochloride as does the 1,4-&chloride, we must 
conclude that the chlorine atom on carbon atom 2 must be relatively elec- 

1 2 3  4 KOH 
CH~CH-CH=CH~ ---+ CH=CH-CH=CHn - + + - c1 
Cl Cl 

tronegative with respect to the chlorine atom on carbon atom 1, and there- 
fore the terminal carbon atom, 1, must be electronegative relative to 
carbon atom 2. 
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Since many of the more recent interpretations of the addition reactions of 
conjugated systems are based on the assumption that the formation of 1,4 
addition compounds is not due to a direct addition in the 1,4-position but 
rather to a rearrangement from the 1,2- or 3,4-compound, it was of con- 
siderable importance to determine whether the 1,2-dichloride was spon- 
taneously converted into the 1,4-dichloride. In the first part of this paper 
reference was made to the fact that the 1,2- and 1,4-dibromides of butadiene 
were actually in equilibrium with each other, the change of one isomer to 
the other occurring slowly at room temperature but very rapidly a t  100'. 
The change of the dichlorides into each other, if it occurred, could be fol- 
lowed readily by means of their refractive indices: the refractive index of the 
1,2-dichloride is 1.4550 at 30.5', and of the 1,4-dichloride, 1.4745 a t  30.5'. 

There was no change in the refractive indices of either of the dichlorides 
even after they were heated to 90° in a sealed tube for four hours, and we 
must therefore conclude that even under these conditions the dichlorides 
are stable and do not rearrange into one another. 

In attempting to explain addition reactions to conjugated systems in 
which 1,2- 1,4- and 3,4-addition takes place, some chemists have suggested 
an extension of Thiele's theory from the point of view of electronic theories 
of polarization. According to this theory a conjugated system may polar- 

+ - + 
ize in two ways, C-C-C-C and C-C-C-4, leading to reaction a t  
adjacent (1,2 or 3,4) or terminal (1,4) carbon atoms of the chain. This 
theory is little more than a translation of Thiele's partial valencies into more 
modern terminology. 

Gillet14 has applied the principles of a,y-rearrangements to  conjugated 
systems and has suggested that the formation of 1,4-addition compounds is 
preceded by the formation of 1,2-addition compounds, as follows 

1 2 3 4  1 2 3 4  1 2 3 4  
C=C-C=C + AB -+ C-C-C=C --+ C-C=C-C 

A B A B 

That this theory is not applicable to all 1,4-addition reactions of conjugated 
systems has been clearly shown above in the chlorination of butadiene, since 
the formation of 1,Pbutadiene dichloride certainly could not have resulted 
from the rearrangement of the l,2-isomer. 

Prevost,16 as a result of his work on conjugated systems, has included 
both of these possibilities in his interpretation of the addition reactions of 
conjugated systems, and his views are therefore open to the same criticism. 

Farmer,I6 who has made an extended investigation of the addition 
reactions of conjugated systems, suggests the following mechanism for the 
bromination of butadiene 

l4 Gillet, Bull. soc. chim. Belg., 31, 366 (1922). 
'5 Prevost, Ann. chim., [lo] 10, 113 (1928). 
l6 Farmer, J .  Chem. Soc , 729 (1928). 
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in which he assumes that the first step in the reaction is the molecular 
addition of bromine to one of the double bonds in butadiene with the 
formation of the intermediate compound (1). "This has only transient 
existence, and breaking of the single linkage between the bromine atoms 
allows activity in two ways: (a) taking the course normal in the bromina- 
tion of ethylenes, yielding (2), (b) bringing into action the tautomeric 
capacity of the propene system and passing through (3) to (4) ." 

Ingold17 has classified the addenda in conjugated systems "into three 
categories'according to whether (Case I) both parts are stable as anions 
(e. g., Brz), (Case 11) one part is stable as an anion and the other as a kation 
(e. g., HBr, HCN), or (Case 111) both parts are stable as kations (e. g., Hp)." 
In  discussing Case I he states that in the addition of halogens to a con- 
jugated system in a non-ionizing medium, the initial product formed could 
only be a 1,2-addition compound; the formation of any l,4-compound 
would, therefore, result from the rearrangement of the 1,2-compound. 

In our studies on the chlorination of butadiene, the chlorination was 
carried out in non-ionizing solvents (carbon disulfide, chloroform and li- 
groin) and in each case considerable 14-dichloride was formed. Since we 
have shown that the two dichlorides do not rearrange into one another, 
i t  is clear that the interpretation advanced by Ingold cannot explain the 
formation of 1,4-butadiene dichloride in a non-ionizing solvent. 

One of the principal objects in this investigation of the addition reactions 
of conjugated systems has been to show that these addition reactions could 
be interpreted without recourse to any special hypothesis of conjugation. 
Conjugated systems differ from non-conjugated systems only in so far as 
the former may exhibit a, y-rearrangements, while the latter cannot exhibit 
this phenomenon. 

It has been quite definitely established that the addition of both com- 
ponents of the addendum to an ethylenic double bond does not occur simul- 
taneously. I t  is more likely, as has been suggested by Stieglitz,'S that the 
essential feature is the attraction of the positive substituting group to the 
negative carbon valencies irrespective of complete saturation. Confirma- 
tory evidence for this hypothesis has been brought by Terry and Eichel- 

l7 Ingold, J. Cltern. Soc., 910 (1928); 2022 (1929). 
la Stieglitz, THIS JOURNAL. 44, 1304 (1922). 
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bergerlg and by Francis,20 who have shown that in the addition of halogens 
to unsaturated compounds the halogen molecule initially supplies only one 
halogen atom, the positively charged halogen atom, to the unsaturated 
substance. 

Applying these same principles to the chlorination of butadiene we would 
have as the first step of the reaction the addition of the positive chlorine 
atom to the terminal carbon atom (see equation on page 4046 to give I). 

In the second phase of this reaction the negative chlorine atom either may 
satisfy the positive charge on carbon atom 2 to give 11, 1,2-butadiene di- 
chloride, in a manner normal to ordinary ethylenic compounds; or this 
intermediate I may undergo a typical a,y-rearrangement to '111, and the 
negative chlorine atom would now add to the 4 carbon atom to  give IV, 
1,4-butadiene dichloride. 

The formation of either the 1,2- or 1,4-isomer would then depend on the 
equilibrium of the two intermediates, I and 111. This equilibrium would in 
turn depend on the effect of the group CH2C1, in this case, and upon the 
experimental environment, such as solvent, etc., in promoting or hindering 
this a,?-rearrangement. Ingold and his students have, for some years, 
studied very extensively the effect of various groups in causing such re- 
arrangements to take place, and they have found that the groups CHsC1- 
and CHtBr- favor such rearrangements. This theory would suggest that 
ionization should occur preliminary to an a,y-rearrangement. This would 
explain why the 1,2- and 1,4-&bromides rearrange into each other while 
the corresponding dichlorides do not, since it is well known that the C-Br 
bond is much easier to break than the C-C1 bond. 

The chlorination of phenylbutadiene could be formulated as follows, 
employing the electronic formula for phenylbutadiene developed by Muskat 
and Beckerl 

I1 * 
We would not expect to find addition taking place, in the first phase, to the 
2 carbon atom, since it is well known that phenyl groups attached to a 

'9 Terry and Eichelberger, THIS JOURNAL, 47, 1067 (1925). 
Francis, ibid., 47,2344 (1925). 
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double bond hinder addition to that double bond. Now, however, the 
effect of the phenyl group in retarding such a rearrangement I --+ I1 is far 
greater than the effect of the CHpCl group in promoting this rearrangement, 
and, consequently, we should expect chlorination to occur mostly in the 
3,4-position. This is in agreement with the results of Muskat and Hug- 
gins,' who found that phenylbutadiene absorbs chlorine in the 3,4-position. 

The chlorination of vinylacrylic acid presents a somewhat different 
condition. Again, employing the electronic formula for vinylacrylic acid 
developed by Muskat and Becker,' we see that the carbon atoms 1 and 3 are 
the only ones that could react in the first phase with the positive chlorine 
atom. Since a,@-unsaturated acids are known to add halogen with con- 
siderably more difficulty than do the corresponding @, y- or y,&unsaturated 
acids 

we should expect carbon atom 3 to be attacked by chlorine in preference to 
carbon atom 1. This is borne out by the fact that we were not able to 
prepare a tetrachloride of vinylacrylic acid from the 3,4-dichloride. The 
first step of the chlorination of vinylacrylic acid would be represented as 
above. Now, however, the interme

di

ate I cannot undergo an a,y-rear- 
rangement and the negative chlorine atom must add to the terminal 
carbon atom to give a 3,4-dichloride exclusively. This is in perfect agree- 
ment with the results of Muskat, Becker and Lowenstein' on the chlorina- 
tion and bromination of vinylacrylic acid in which they obtained only 
3,4-addition products. 

This same theory would apply equally well to the addition of HX and 
HOX to conjugated systems. An extension of this theory to reduction and 
oxidation of conjugated systems will be presented in a later paper. 

Experimental Part 
The Preparation of Butadiene.-The preparation of butadiene as finally developed 

consisted of three major operations: (1) converting butyl alcohol into butyl chloride, 
( 2 )  chlorinating butyl chloride to dichlorobutane and (3) converting dichlorobutane 
into butadiene by passing it over heated soda lime. 

(1) n-Butyl alcohol was converted into n-butyl chloride according to the method of 
Norris6 by heating the alcohol with concentrated hydrochloric acid and anhydrous zinc 
chloride. 

(2) The pure butyl chloride was then chlorinated to the dichloride by allowidg the 
vapors of butyl chloride to react with chlorine gas under the influence of light. Perkin6 

describes an apparatus, which he used for this purpose, but we have remodeled and im- 
proved this apparatus so that it gives a much better yield of the chlorinated product and 
requires very little attention. In Fig. 1 is shown the chlorinating apparatus that was 



used. A is a three-liter round-bottomed flask which contains two liters of butyl chloride 
heated on an electric plate. A thermometer B is immersed in the liquid in flask A; 
this gives the distillation temperature of the liquix As the chlorination proceeds the 
distillation temperature of the liquid rises, and it is thus possible to  follow the extent of 
the reaction. C is a heat insulated Vigreux column (about 40 cm. long), and D is the 
reaction tube where the chlorine gas and the vapors of the butyl chloride are mixed. 
The mixed vapors are carried on up the tube and are exposed to the light coming from a 
1000-watt lamp placed a t  X. Under the influence of the light reaction occurs with the 
formation of the higher-boiling dichlorobutane. F is a bulb refux condenser so designed 
that the openings of the bulbs are large at  the bottom, 

BEX/MUJf 
where most of the condensation occurs, and become grad- 
ually smaller as they approach the top, where the conden- 
sate is slight. This type of condenser is very efficient for 
any purpose in which a great deal of condensate is formed. 

7 k F  

/To WOJ~ L%&,/u 

The hydrogen chloride vapors pass through the reflux con- o r d f h r n e f ~  

denser F and are absorbed over water. The butyl chloride 
in A is heated to boiling; when the butyl chloride vapors 'muWO''X 
have filled tube D, the chlorine is allowed to pass in through 
E and the 1000-watt lamp is turned on. The chlorine is 
passed in through a flowmeter and a sulfuric acid wash- 
bottle a t  a rate, calculated for standard conditions, of 
1120 cc. of chlorine per minute. The course of the reac- 
tion is followed by the thermometer B. At the beginning 
of the chlorination the temperature is 77 ", the boiling point 
of butyl chloride. As the distillation proceeds the distilla- 
tion temperature of the liquid in A rises. The chlorina- 
tion is allowed to proceed until the temperature reaches 
115 '. This requires about six hours. If the temperature 
is allowed to go much higher than 115' some higher chlori- Fig. 1. 
nated products are formed. The time could be reduced 
even more if the reflux condenser F was made larger than the one we actually used. 
After the reaction was over the chlorinated mixture was roughly fractionated through a 
column one meter long filled with glass beads. The results of four such runs are recorded 
in Table I. In each run 2000 cc. (about 1775 g.) of butyl chloride was used. and the chlo- 
rination was continued at a constant rate for about six hours, allowing the distillation 
temperature to rise to 115". 

TABLE I 
CHLORINATION EXPERIMENTS ON BUTYL CHLORIDE 

1 2 3 4 5 6 
Run 77-110°, 110-120". 120-130". 130-140'. 140-150°, 150-165", Residue, 
no. g.  R. g. g. S .  R. g. 

1 242 330 503 546 166 132 100 
2 382 300 472 552 191 127 114 
3 392 252 418 516 169 138 100 
4 292 345 500 540 207 122 107 

Fraction 1 (77-110 O )  contains mostly unreacted butyl chloride and some of the lower 
dichlorides. Fraction 2 (110-120") may very likely contain a,a-dichlorobutane, b. p. 
114'. Fraction 3 (120-130") contains most of the a,p-dichlorobutane, b. p. 125O. 
Fraction 4 (130-140 ") contains most of the a,r-dichlorobutane, b. p. 134-137 O. Frac- 
tion 6 (150-165") contains most of the a,6-dichlorobutane, b. p. 161-163'. Fraction 5 
(140-150 ") is probably a mixture of fractions 4 and 6. 
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It is interesting to note that in the chlorination of butyl chloride a,y- and a,& 
dichlorobutanes are the main products. There is some a,6- and probably some a,a- 
dichlorobutane formed. 

(3) The different fractions of dichlorobutane were now distilled over heated soda 
lime, which removed two moles of hydrogen chloride to give butadiene. The apparatus 
that  was used for this purpose is illustrated in Fig. 2. The dichlorobutane was placed 
in the separatory funnel A and it was allowed to flow through a tube one meter long 
(in order to give sufficient pressure to force the vapors through the apparatus) into the 
round-bottomed flask (500-cc.) B, which was heated on an electric plate. The rate of 
flow of the dichlorobutane and the temperature of the flask B were so controlled that the 
process was essentially a flash distillation. The dichlorobutane then passed into the 
steel tube D, which contained coarse soda lime (about 450 g.). The tube was heated to 
about 700-730' by means of the electric oven E. At this temperature the soda lime 
removed two moles of hydrogen chloride from the dichlorobutane to give butadiene. 

I 

Fig. 2. 

The vapors were then passed in succession through the flasks G, ball condenser H and 
flask I. These flasks were immersed in an ice-salt bath M and served to free the 
butadiene gas from water, unreacted dichlorobutane and resinous decomposition prod- 
ucts. At C water was allowed to run over the rubber connections joining the hot steel 
tube D t o  the rest of the apparatus. F is a trap which sewed to collect a great deal 
of the water and resinous decomposition products. The butadiene coming from flask I 
was sdiciently pure to use in our work. 

I n  order to determine which fraction of the dichlorobutane gave the best yield of 
butadiene, a number of runs were made with each of the fractions of the dichlorides. 
The butadiene formed was collected as the tetrabromide. For this purpose the buta- 
diene coming from I was passed into the bromination flasks L, which were immersed in 
the ice-salt bath M. These flasks were about half-filled with chloroform and the 
bromine was added from the separatory funnels K so that an excess of bromine was al- 
ways present. Usually the absorption was complete in the first flask but the second 
flask was used in order to prevent any possible loss of butadiene. In order to overcome 
the pressure in the system, a slight suction was applied a t  the end of the second bromina- 
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tion flask. At the completion of the run the brominated mixture was removed from the 
flasks and warmed under diminished pressure to remove any exeesrs bromine and chloro- 
form. At this stage some solid butadiene tetrabromil w d d  crystallize out of solution. 
This was removed and the filtrate was subjected to fractional distillation under 50 mm. 
pressure. From the lower-boiling fractions of the chlorinated butyl chloride consider- 
able dibromobutane distilled over a t  75-82' under 50 mm. pressure. This is no doubt 
due to some unchanged butyl chloride still present in the chlorinated mixture, which is 
converted into l-butene by the hot soda lime and which in turn is brominated to  1,2- 
dibromobutane. After all of the dibromobutane had distilled over, the temperature 
rose quickly to about 145'. a t  which temperature the lower-boiling stereoisomeric 
tetrabromide of butadiene distilled over. The temperature then rose to  175O, a t  which 
temperature the pure solid tetrabromide, m. p. 117O, distilled. The fraction from 145- 
175' consisted of a mixture of the two tetrabromides. From the higher-boiling fractions 
of the chlorinated butyl chloride the two stereoisomeric tetrabromides alone were ob- 
tained. From the combined filtered and distilled butadiene tetrabromides the yield of 
butadiene was calculated. In Table I1 are recorded the yields of butadiene obtained 
from 200 g. of each of the chlorinated fractions. About one hour was required for each 
run. Two runs were made on each fraction. 

1 2 3 4 5 6 
75-110" 110-120°, 120-130°, 130-140°, 140-150°. 150-165°. 

g. g.  g .  g. g .  g. 

Butadiene tetrabromide 40 118 148 174 139 146 
obtained, g.. . . . . . . . . 41 104 144 174 . . . 157 

Yieldofbutadiene,%.. 6.9 18.8 24.8 29.6 23.6 25.6 

I t  is thus seen that the a,y-dichlorobutane gave the best yield of butadiene, 29.6% 
of the theoretical. 

The Chlorination of Butadiene.-The butadiene coming from I was passed into 
the chlorination tube shown in the diagram. Usually two such chlorination tubes 
were used and these were immersed in the icesalt bath M. The tubes were about half 
filled with carbon disulfide and a slow stream of chlorine gas was passed in. At the com- 
pletion of the run (about one hour for 200 g. of dichlorobutane) the chlorinated mixture 
was removed and freed from carbon disulfide by means of suction. The  residual oil 
was subjected to fractional distillation. After several redistillations four fractions were 
collected under 40 mm. pressure: (a) 45-45.5'. (b) 75-76", (c) 110-111°, (d) 130-134'. 
Each fraction was analyzed for chlorine; the first two fractions proved t o  be diehloro 
addition compounds of butadiene, while the last two fractions proved t o  be  tetrachloro 
addition compounds of butadiene. 

I t  was possible to control the chlorination of butadiene so that the dichlorides were 
formed almost exclusively. This was accomplished by allowing the butadiene to  pass 
into the chlorination tubes a t  a more rapid rate than the chlorine. ThLs was usually 
accompanied by a loss of some of the butadiene. If the chlorine was allowed t o  pass in 
a t  a fairly rapitl rate, or if the reaction was allowed to warm up, the tetrachlorides of buta- 
diene were formed exclusively. In one experiment the pure butadiene was chlorinated 
directly, without any solvent, a t  about -75 " and the same products were formed. 

1,2-Dichlorobutadiene.-The lower-boiling dichloride is a colorless oil. It distils 
a t  45-45.5" under 40 mm. pressure and at  115' under atmospheric pressure, without 
decomposition. Its refractive index was determined with an Abbe refractometer; a t  
30.5O its refractive index is 1.4550. 

Anal. Calcd. for CS-I~CIZ: C1,56.75. Found: C1,56.73,56.80. 
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The structure of the lower-boiling dichloride (a) was determined by ozonization. 
Considerable difficulty was experienced in isolating the oxidized fragments. Its iden- 
tification was finally effected by ozonizing the pure dichloride, without any solvent, and 
keeping the temperature of the oxidation reaction at  about 0'. After the ozonization 
was complete, water was added to the viscous ozonide, and it was warmed on the water- 
bath to decompose it. The aldehydes were taken up in ether and washed several times 
with dilute alkali to remove any acids. If the ozonization was not allowed to continue 
too long, only negligible quantities of acids were formed. The ethereal solution was dried 
over sodium sulfate, the ether removed by suction, and the residual oil was distilled under 
diminished pressure. Most of it distilled over a t  73 ' under 50 mm. pressure, the boiling 
point of a$-dichloropropionic aldehyde. This was further identified by treating with 
sodium acetate according to the method of Piloty and Stock," which converted the 
dichloride into a-chloro-acrolein. This distilled over a t  40' under 30 mm. pressure, 
the  recorded boiling point of a-chloro-acrolein. The water solution remaining from the 
ethereal extract gave the usual color tests for formaldehyde. This proved that the lower- 
boiling dichloride (a) has the l,2-structure, CHeC1CHC1CH=CH2. 

This structure was further confirmed by oxidizing the lower dichloride with po- 
tassium permanganate in dilute alcoholic solution. An acidic oil was obtained which 
crystallized on standing to a solid melting a t  50°, the recorded melting point of a,@- 
dichloropropionic acid. 

1,4-Dich1orobutadiene.-The higher-boiling dichloride (b), when first distilled, is 
a yellow oil with a pungent odor, but after several distillations it is obtained as a colorless 
oil with a very faint odor. I t  distils a t  75-76' under 40 mm. pressure and a t  about 
145' under atmospheric pressure without decomposition. Its refractive index was 
determined with an Abbe refractometer; its refractive index is 1.4745 a t  30.5". 

Anal. Calcd. for C4H6Clp: C1,56.75. Found: C1,56.84,56.97. 
The structure of the higher-boiling dichloride (b) was determined in a manner en- 

tirely analogous to the method used for the lower-boiling dichloride. However, in this 
case, no difficulty was encountered in working up the products of oxidation. A number 
of oxidation experiments were carried out both with ozone and potassium permanganate 
and in every case a good yield of chloro-acetic acid was isolated. This was identified 
by its melting point, 62', and the melting point of a mixture with a sample of known 
origin. This proves that the higher-boiling dichloride has the l,4-structure, CH2C1- 
CH=CHCHsCl. 

Tetrach1orobutanes.-Fractions (c) and (d) are the two stereoisomeric tetrachloro- 
butanes. Fraction (c) is a colorless oil with a faint odor. I t  distils at  110-111" under 
40 mm. pressure. 

Anal. Calcd. for CaHsCla: C1, 72.41. Found: C1, 72.49, 72.57. 
Fraction (d) crystallized to a solid which melted at  72'. 
Anal. Calcd. for C4HoCJ.a: C1,72.41. Found: C1,72.64. 72.55. 
Reduction of the Di- and Tetrachlorides of Butadiene.4amples of each of the 

dichlorides and of the tetrachlorides were reduced with powdered zinc and alcohol 
according to the method of Thiele.8 In  each case butadiene was formed, which was 
identified as the tetrabromide, m. p. 114'. This proves that these chlorides are true 
addition products of butadiene. 

1-Ch1orobutadiene.-If either of the dichlorides, the 1,2- or l,4-isomer, is heated 
to  about 90' with twice its weight of powdered potassium hydroxide, a vigorous reaction 
occurs, and a lower-boiling chloride is formed and distils over through a condenser which 
is attached to the reaction flask. After several fractionations a colorless liquid is ob- 

2 1  Piloty and Stock, Ber., 31,1385 (1898). 
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tained which boils a t  85' under atmospheric pressure. I t  polymerized on standing to  a 
dark resinous mass. I t  was analyzed for chlorine and proved to be the monochloride, 
CHCI=CHCH=CH2. 

Anal. Calcd. for CdI-IsCl: el ,  40.07. Found: C1, 39.99, 40.08. 
Attempted Rearrangements of the Two Dich1orides.-Samples of each of the 

dichlorides, the 1,Z- and 1,d-isomers, were allowed to stand for several weeks a t  room 
temperature (about 25-30') but no change in their refractive indices occurred. They 
were then redistilled several times a t  atmospheric pressure, and their refractive indices 
were again measured, but no change could be detected. Finally, samples of each were 
sealed in bomb tubes and heated for four hours at 90'. There was no change in the 
index of refraction of either of the two dichlorides and we must therefore conclude that 
even a t  90' and under pressure the dichlorides are stable and do not rearrange into one 
another. 

Summary 

1. An improved method for the preparation of butadiene starting from 
n-butyl alcohol is given, including a detailed description of the apparatus 
used. 

2. On chlorinating butadiene a mixture of two dichlorides and two 
tetrachlorides is obtained. The structures of the two dichlorides were 
proved by oxidation experiments: the lower-boiling dichloride, b. p. 45- 
45.5' under 40 rnm. pressure, is a 1,2-dichloride-CHzC1CHC1CH=CH2; 
the higher-boiling dichloride, b. p. 75-7G0, is a l,4-dichloride-CHCICH= 
CHCH2C1. The two stereoisomeric tetrachlorides distilled a t  110-Ill0 
and 130-134', respectively. The latter crystallized to a solid, m. p. 72'. 

3. It was definitely established that the two dichlorides did not re- 
arrange into each other even a t  90° and under pressure. 

4. On heating either of the dichlorides with solid potassium hydroxide a 
monochloride, b. p. 85' under atmospheric pressure, is formed. I ts  struc- 
ture is CHCl=CHCH=CH2. 

5. A theory to interpret the addition reactions of conjugated systems 
without recourse to any special hypothesis of conjugation is presented. 
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As mentioned in a preceding article of this series, Kraus and Haradal 

have prepared compounds of the type [(CH3)$nOH]s-(CH3)3SnX where 
X is a halogen. These compounds are readily obtained in the form of 
well-defined crystals and preliminary investigation indicated that they 
have measurable stability in solution. It appeared of interest to study 
these compounds in order to gain some knowledge as to the nature of 
the complex formed. Dissolved in alcohol or acetone, the compounds 
conduct the electric current with considerable facility much better than 
corresponding solutions of trimethyl tin halide or trimethyl tin hydroxide. 
This indicates that a complex cation of some kind is formed which is moder- 
ately electropositive. On treating the compound with silver hydroxide 
in aqueous solution, an hydroxy derivative of the complex cation was ob- 
tained which has approximately the same strength as trimethyl tin hy- 
droxide. However, as indicated by conductance measurements, this com- 
plex hydroxide, which is isomeric with trimethyl tin hydroxide, gradually 
breaks down to form the latter compound. 

While the precise nature of the complex cation has not, as yet, been 
determined, it seems fairly clear that it contains three trimethyl tin groups 
along with two hydroxy groups. The nature of the linkage is uncertain. 
That trimethyl tin hydroxide is involved, perhaps after the manner of 
an oxonium compound, seems fairly certain. This is further borne out 
by the fact that trimethyl tin hydroxide reacts with methyl iodide to 
yield a compound whose ionization is considerably higher than that of 
either of its constituents. 

Preparation and Properties of [(CH3)3SnOH]2.(CH3)3SnBr.-The com- 
pound may be prepared by a variety of methods. According to 
Callis2 i t  is formed by the action of oxygen on trimethyl tin iodide in the 
sunlight. As will be shown below, it may also be formed by the oxida- 
tion of trimethyl tin in the presence of trimethyl tin bromide and water 
in benzene solution. I t  is most conveniently prepared by adding two 
equivalents of trimethyl tin hydroxide to one of the corresponding bromide 
(or another halide) in various solvents. We have found chloroform the 
most convenient solvent for this purpose. 

One mole of trimethyl tin bromide is treated with two moles of trimethyl tin hy- 
droxide in chloroform at room temperatures. Reaction takes place immediately with 

Kraus and Harada, THIS JOURNAL, 47,2416 (1925). 
Callis, Dissertation, Clark University, 1922. 
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the formation of a supersaturated solution of the compound, which crystallizes out slowly 
on standing, large, well-formed crystals being produced. On vigorously shaking the 
solution, the jpeater proportion of the compound is immediately precipitated in the form 
of fine crystals, while the remainder of the material crystallizes out as the chloroform 
evaporates. The crystals so prepared are quite pure and melt sharply a t  116 with slow 
decomposition. They appear to be identical with the compound prepared by Kraus 
and Harada.' Crystals of the compound, prepared and purified by various methods, 
were analyzed for bromine and tin. The results of the analyses were the same for the 
various preparations. 

Anal. Subs., 0.4503, 0.5277, 0.4819: AgBr, 0.1398, 0.1641, 0.1496. Calcd. for 
[(CHs)3SnOHI2(CH3)SnBr: Br, 13.17. Found: Br, 13.21, 13.23, 13.21; mean, 13.22. 
Subs., 0.4229.0.4120, 0.5124: SnOz, 0.3159,0.3076,0.3736. Calcd.: Sn, 58.83. Found. 
Sn, 58.84, 58.81, 58.97; mean 58.87. 

The results of the analyses indicate that the composition of the compound corre- 
sponds to the formula [(CHa)sSnOH]2.(CHa)sSnBr. 

The formula of the compound may be written [(CHs)sSn]aOBr.HrO. This would 
correspond to an oxonium type of compound containing one molecule of water. The 
attempt was made to prepare an anhydrous compound corresponding to  this formula 
For this purpose, equivalent amounts of trimethyl tin and trimethyl tin bromide were 
dissolved in dry benzene under an atmosphere of oxygen. A control experiment 
was carried out in which moist benzene was employed as solvent. The apparatus was 
attached to a manometer so that the rate of absorption of oxygen could be measured. 
Absorption of oxygen took place in both experiments, the rate in moist benzene being 
about twice that in the dry solvent. In  the dry benzene, a white amorphous powder 
was precipitated, which appeared to be trimethyl tin oxide. In  moist benzene, crystals 
were formed which closely resembled the dihydroxy br~mide.~  Unfortunately, this 
sample was lost and an analysis of the crystals could not be made. The experiments 
indicate, however, that, while the dihydroxy bromide is formed in the presence of mois- 
ture, it is not formed in the dry solvent. 

Some Reactions of [(CH3)3SnOH]2.(CH3)8SnBr 
Reduction with Metallic Sodium in Liquid Ammonia.-If the dihydroxy bromide 

contains one molecule of water as such, we should expect that, on reduction with metallic 
sodium in liquid ammonia, hydrogen would be evolved and sodium hydroxide precipi- 
tated. On the other hand, if hydroxyl groups are present in combination with tin, 
sodium hydroxide should be formed without evolution of hydrogen, while the tri- 
methyl tin group should be reduced to the corresponding stannide, NaSn(CH3);. 

A quantity of the dihydroxy bromide (1.526 g.) was dissolved in liquid ammonia, 
a clear colorless solution being formed. On adding sodium, reaction took place imme- 
diately with the precipitation of a white solid which was doubtless trimethyl tin. On 
further addition of sodium, this solid dissolved, yielding a solution having a faint yellow 
color. This color is characteristic of sodium trimethyl stannide,4 which is formed by the 
action of sodium on trimethyl tin, As the reaction proceeded, a gelatinous precipitate 
was formed which was doubtless sodium hydroxide. Sufficient sodium was added to 
impart a permanent blue color to the solution. 

In the course of the reaction a small quantity of gas was evolved which was collected 

a Since accepted rules for the nomenclature of compounds of this type have not 
been elaborated, the complex compounds of the type [(CH3)3SnOH]z.(CH3)rSnX will 
for convenience be termed "dihydroxy halides." 

* Kraus and Sessions, THIS JOURNAL, 47,2361 (1925). 
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over water. Assuming the compound to contain one molecule of water, 28 cc. of hydro- 
gen should have been produced. In the experiment 9 cc. of hydrogen was collected 
This was given off slowly throughout the course of the reaction. Since the volume of 
hydrogen found was much below that required for one molecule of water per mole of 
compound, we must conclude that hydroxyl groups are present in the compound, 
which, for the most part, are split off on addition of sodium with the formation of sodium 
hydroxide. 

Reaction with Ammonia.-It was suspected that, in a solution of the dihydroxy 
bromide, there exists an equilibrium between free trimethyl tin hydroxide and trimethyl 
tin bromide. If such is the case, then on treating the compound with ammonia in a 
suitable solvent, ammino trimethyl tin bromide, (CHa)SnBr.NHz, should be formed and, 
if insoluble, precipitated.6 

A quantity of the dihydroxy bromide was dissolved in chloroform and ammonia 
gas was passed through the solution. A precipitate was immediately formed. This 
was thrown on a filter and the excess chloroform evaporated. The resulting solid sub- 
limed on heating and answered to tests for ammino trimethyl tin bromide. 

Although ammino trimethyl tin bromide is precipitated under the conditions of the 
experiment just described, when the dihydroxy bromide is dissolved in liquid ammonia, 
little change occurs. A quantity of the compound was dissolved in liquid ammonia, 
the solvent was allowed to evaporate and the melting point of the residue determined. 
The substance melted at  107O, while the original pure dihydroxy bromide melted a t  115'. 
*Apparently, on solution in liquid ammonia, only an inconsiderable amount of the ma- 
terial was transformed. Other properties of the residue, such as the products of thermal 
decomposition, remained unchanged on treating with liquid ammonia. I t  seems that 
in liquid ammonia solution the compound is not extensively dissociated into its con- 
stituents. 

Thermal Decomposition.-When the compound is heated under atmospheric pres- 
sure, i t  melts a t  115' to form a clear liquid which boils slowly, giving a distillate contain- 
ing trimethyl tin bromide. This was shown by collecting the distillate, dissolving it in 
ether, and precipitating the bromide as ammino trimethyl tin bromide by means of 
ammonia. 

A weighed quantity of the compound was introduced into one leg of an inverted 
U-tube, which was then evacuated. The limb containing the compound was heated, 
while the other limb was cooled in liquid ammonia. In this experiment. 3.226 g. of 
compound was subjected to sublimation. Most of the material sublimed to the cooler 
parts of the tube above the oil-bath. A small quantity of solid residue was left behind, 
while some liquid was collected in the second limb of the U-tube. Of the total material, 
3.0731 g. was found in the sublimate and 0.0428 g. in the residue. By difference, the 
weight of the distillate was 0.110 g. 

The solid residue was analyzed for tin by the modified Krause method.' 
Using 23.3 mg. of the residue, 29.9 mg. of SnOa was obtained, corresponding to 

70.68% of tin, as compared with 72.04% required for dimethyl tin oxide. The sub- 
limate for the most part melted at  1 1 5 O ,  the same temperature as the original com- 
pound. In the distillate, the presence of both water and tetramethyl tin was established. 

It is evident that, on heating the original compound, dissociation takes place accord- 
ing to the equation 

[ (CHa)rSnOH]z.(CHs)gSnBr = 2(CHa)aSnOH + ( C H Z ) ~ S ~ B ~  (1) 
When the vapors reach the colder portions of the tube, condensation occurs and the re- 
action is reversed. 

6 Kraus and Greer, THIS JOURNAL, 45, 3078 (1923). 
6 Kraus and Bullard, ibid., 51, 3606 (1929). 
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As was shown in a preceding article: when trimethyl tin hydroxide is heated to  a 
temperature from 80 to 100 it breaks down according to the equation 

2(CHs)aSnOS (CH3)$nO + (CNn)rSn 4- Hz0 (11) 
In the above experiment, during the process of sublimation, some of the hydroxide de- 
composed according to this reaction equation, which accounts for the residue of di- 
methyl tin oxide The dimethyl tin oxide left behind, weighing 0.0428 g., corresponds 
to 0.108 g. combined weight of tetramethyl tin and water, according to  Equation 11. 
The weight of distillate, as determined by difference, was found to  be 0.110 g. The 
water formed on sublimation of the original compound, therefore, resulted from the de- 
composition of the trimethyl tin hydroxide and not from the loss of water of hydration. 

Molecular Weight.-The preceding experiments indicate tha t  the 
hydroxyl group retains its linkage to tin in the compounds formed 
between trimethyl tin hydroxide and the trimethyl tin halides. It was 
surmised that in solution an equilibrium exists between the compound 
and its constituents. A determination of the molecular weight of the 
compound in solution should give clear evidence of dissociation, if such 
exists. 

The compound is not sufficiently soluble in benzene to permit of molecu- 
lar weight determination in that solvent. Accordingly, its molecular 
weight was determined in naphthalene by the cryoscopic method. The 
results are given in Table I. 

TABLE I 
MOLECULAR WEIGHT OF [(CHs)3SnOH]2.(CH3)3SnBr IN NAPHTHALENE 

Naphthalene, g. Compd., g. At Mol. wt. 

23.38 0.3515 0.408 262 
26.16 .2358 .254 252 

The formula weight of the dihydroxy bromide is 605.3, while that  of 
the corresponding mixture of trimethyl tin hydroxide and trimethyl tin 
bromide is 201.6. The value obtained for the mean molecular weight 
in naphthalene shows that the compound is largely dissociated into its 
constituents in that solvent. 

Conductance of Mixtures of (CH&SnBr and (CH3)&3nOH in Solu- 
tion.-It was thought that a study of the conductance of the dihydroxy 
bromide and of various mixtures with trimethyl tin bromide in non-aqueous 
solvents might yield some information as to the existence of a complex 
compound and its properties. Accordingly, the conductance of such 
mixtures was studied in absolute alcohol and in acetone. The conduc- 
tance was measured in suitable cells by the usual Kohlrausch method 
and with the usual precautions. No claims are made for exceptional 
precision, since the object of these experiments was t o  get the general 
order of magnitude and the course of the conductance curve as a func- 
tion of the composition of the solution. 

Absolute Alcohol.-The conductance of a solution of the dihydroxy 
bromide was compared with that of an equivalent mixture of its con- 
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stituents in absolute alcohol. The specific conductance of the alcohol 
was 0.5 X 10". All measurements were carried out at 25'. The re- 
sults are given in Table 11, concentrations being expressed in moles per 
liter and the specific conductance L in reciprocal ohms. 

TABLE I1 

CONDUCTANCF; OF [(CH~)~S~OH]Z.(CH~)~S~B~ AND OF MIXTURES OF (CH3)SnOH AND 

(CHJ3SnBr w ABSOLUTE ALCOHOL AT 25' 
[(CHs)aSnOHlz 

(CH8)aSnOH (CHa)sSnBr (CHa)aSnBr L X 10' 

0.03314 0 . 0  0 . 0  0.03 
.02601 .01657 .O -87 
.03314 .01657 . O  .96 
.O .01657 .O .54 
. O  . O  .01657 .95 

As may be seen from the table, a solution of the compound at a concen- 
tration of 0.0166 mole per liter has a specific conductance of 0.95 X 
which is substantially identical with that of an equivalent mixture of its 
constituents. It foIlows that, when solutions of trimethyl tin hydroxide 
and bromide are mixed, reaction takes place immediately with the for- 
mation of a complex compound. It will be noted that the conductance 
of the pure hydroxide, at a concentration equivalent to that of hydroxide 
in a solution of the compound, was only 0.03 X while that of a corre- 
sponding solution of trimethyl tin bromide was 0.54 X In other 
words, in ethyl alcohol solution, the conductance of the compound is 
nearly twice as great as the sum of that of its constituents taken sepa- 
rately in the same solvent. The molecular conductance of the compound 
a t  a concentration of 0.0166 molar is approximately 5.8. 

Acetone.-As Kraus and Callis7 have shown, the alcohols, or other 
hydroxy compounds, react with trimethyl tin bromide to form a complex 
cation which is fairly electropositive and the solutions of which are 
therefore markedly ionized. It was to be expected, therefore, that, in 
other types of solvents, the relative conductance of the dihydroxy bromide 
and of trimethyl tin bromide would differ greatly from that found in alcohol. 

The conductance of the dihydroxy bromide was compared with that 
of various mixtures of the hydroxide and the bromide in acetone a t  25O. 
The specific conductance of the acetone used was 1.2 X A solu- 
tion containing 0.01657 mole of dihydroxy bromide per liter had a specific 
conductance of 101 X lo-=, while a solution of trimethyl tin bromide 
a t  the same concentration had a conductance of only 2.06 X lo-=. The 
conductance of a solution of the hydroxide of equivalent concentration 
(0.033 N) was not determined but a 0.1 N solution of the hydroxide was 
fouhd to have a specific conductance of 5.02 X 10". It is evident that 

7 Kraus and Callis, THIS JOURNAL, 45, 2624 (1923). 
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the dihydroxy bromide is a much better conductor than either of the 
constituents a t  corresponding concentrations. It is noteworthy that, 
in acetone, trimethyl tin hydroxide is a slightly better conductor than is 
the corresponding bromide. 

A 0.1 N solution of trimethyl tin bromide in acetone was made up and 
varying amounts of hydroxide were added. The specific conductance 
of these solutions was measured in the usual way. The values are tabu- 
lated below. 

TABLE I11 
CONDUCTANCE OF 0.1 N (CH3)3SnBr IN ACETONE M TXE PRESENCE OF (CH3)aSnOH 
Concn. (CH3)3SnOH.. . . . . . . . . . . .  0.00 0.01 0.02 0.03 0.04 0.05 0.06 
Ratio of hydroxide to bromide.. . . .  0.0 0.1 0.2 0.3 0.4 0 .5  0.6 
Sp. cond. X lo4. .  . . . . . . . .  0.0345 1.13 2.06 2.93 3.73 4.45 5.19 

Concn. (CH3)sSnOH.. . . . . . . . . . . . . .  0.07 0.08 0.09 0.10 0.15 0.20 
Ratio of hydroxide to bromide.. . . . .  0.7  0.8 0.9 1.0 1.5 2.0 
Sp. cond. X lo4. .  . . . . . . . . . . . . . . . . .  5.85 6.37 6.88 7.37 9.36 10.73 

As may be seen from the table, on adding trimethyl tin hydroxide t o  a 
solution of trimethyl tin bromide in acetone, the conductance is greatly 
increased. For an addition of one-tenth mole of the hydroxide per mole 
of bromide, the conductance is increased approximately 30 times, while 
for an addition of 2 moles i t  is increased 300 times. It may be pointed 
out that the final solution, containing 2 moles of hydroxide per mole of 
bromide, had a molecular conductance of 10.7. This value approaches 
that of some salts. 

A second series of measurements was carried out with solutions con- 
taining 0.0166 mole of trimethyl tin bromide and varying amounts of 
trimethyl tin hydroxide from 0.0 to 0.0833 N. In other words, the ratio 
of hydroxide to bromide varied from 0.0 to 5.0. The specific conduc- 
tance of the solutions was corrected for the conductance of the solvent 
and was approximately corrected for the conductance of excess trimethyl 
tin bromide, i t  being assumed that two molecules of hydroxide combine 
with one molecule of bromide. The results, including the corrections, 
are given in Table IV. 

TABLE IV 

CONDUCTANCE OF 0.0166 N(CHa)3SnBr IN ACETONE AT 25' IN THE PRESENCE OP 

(CH3)sSnOH 
Ratio of hydroxide 

tobromide ...... 0.0 0 .1  0.2 0.3 0.4 0.5 0 .6  0.7 
Corr.appliedL X lo6 2.07 2.03 1.98 1.94 1.90 1.85 1.81 1.76 
Corr. sp. cond. X 108 0.0 9.5 18.5 25.8 33.9 39.6 46.2 50.1 

Ratio of hydroxide 
. . . . . .  tobromide 0.8 0.9 1.0 1.5 2.0 3.0 5.0 

Corr.appliedLX106 1.72 1.67 1 6 3  1.41 1.2 1 .2  1 .2  
Corr. sp. cond. X 106 56.8 60 6 66 8 88 1 105 131.0 174.0 



4062 CHARLES A. KRAUS AND RALPH H. BULLARD Vol. 52 

The original solution of trirnethyl tin bromide had a conductance of 
2.07 X On adding only 0.1 mole of hydroxide per mole of bromide, 
the conductance was raised t o  11.8 X The correction due to the 
conductance of the solvent and to excess bromide was 2.03 X leav- 
ing a conductance of 9.5 X due to the compound formed between 
the hydroxide and the bromide. On further addition of the hydroxide, 
the specific conductance increased, although the rate of increase fell off 
with increase of total hydroxide added. It may be noted, however, that, 
on increasing the trimethyl tin hydroxide from two to  five moles per mole 
of bromide, the specific conductance increased from 105 X to 174 X 

or approximately 70%. This indicates that, while a complex elec- 
trolyte is formed between the hydroxide and the bromide, i t  is considerably 
dissociated in solution. The extent of this dissociation, however, is 
probably much lower in acetone or in alcohol than i t  is in naphthalene, 
as is indicated by the molecular weight in the latter solvent. 

The constitution of the complex cation of the dihydroxy bromide can- 
not be inferred with any degree of certainty from available data. Con- 
sidering the behavior of trimethyl tin bromide in hydroxy and amino 
solvents, one might be inclined to ascribe a formula of the oxonium type 
t o  the complex cation. Since two molecules of hydroxide are present in 
the compound, it would then be necessary to consider, either that two 
oxygen atoms are linked together or that a much more complex struc- 
ture is involved. For the present, the precise structure of this complex 
cation must be left open. 

The Ditrimethyl Tin Hydroxy Hydroxide, [(C 
Sn0H.-The experiments described above indicate the existence of a 
complex cation corresponding to the formula ( [(CH3)3SnOH]2.(CH3)3- 
S n )  +. If such a complex cation exists, we should expect that, on treat- 
ing the corresponding bromide with silver oxide in aqueous solution, the 
hydroxide of this ion would be formed. This hydroxide would be isomeric 
with trimethyl tin hydroxide. In  order to determine whether a complex 
hydroxide is formed under these conditions, the conductance of equiva- 
lent solutions of the two hydroxides was compared. 

A 0.1 N solution of the complex hydroxide was prepared by treating 
the  corresponding bromide with freshly precipitated silver oxide until 
the  solution gave no test for bromine. The solution was kept in the neigh- 
borhood of 0" throughout its preparation. After allowing the precipitated 
silver bromide to settle, the supernatant solution was siphoned into a 
cell in which its conductance was measured. If trirnethyl tin hydroxide 
is formed in the above preparation, i t  would have a concentration of 0.3 
N. The specific conductance of a 0.3 N solution of trimethyl tin hydroxide 
in water at 0 and 25" was found to  be 0.890 X lo-* and 2.03 X 
respectively, The specific conductance L X lo4, of the solution of the 
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complex hydroxide, as measured a t  different times and temperatures, is 
given in Table V. 

TABLE V 
CONDUCTANCE OF 0.1 N (CHa)sSnOHz(CHs)aSnOH IN WATER 

Temp., "C ... . . 0 0 25 25 29 25 25 25 25.05 
Time, hours.. . 0 12 0 12 24 48 60 72 120 
L X 10 '... . . . . 0.256 0.453 0.565 0.923 1.710 2.048 1.978 1.984 2.040 

As may be seen from the table, the conductance of the freshly pre- 
pared solution of the complex hydroxide is approximately one-fourth 
that of trimethyl tin hydroxide a t  the same temperature. Thus, the 
specific conductance of the freshly prepared solution a t  25' was 0.56 X 

while that of the trimethyl tin hydroxide was 2.03 X The 
complex hydroxide is not stable. It gradually goes over to  trimethyl 
tin hydroxide, the reaction rate being greatly influenced by the tempera- 
ture; but even a t  0°, the specific conductance increased from 0.26 X 
lo-* to 0.45 X in a period of twelve hours. Nevertheless, even 
a t  25O, the conversion of the complex hydroxide is not complete until 
a t  the end of nearly one hundred hours. At the end of 120 hours, the 
specific conductance was found to  be 2.04 X lo-* at 25O, while that  of a 
0.3 N solution of trimethyl tin hydroxide was found to  be 2.03 X 

The above results show that two moles of trimethyl tin hydroxide com- 
bine with one mole of trimethyl tin bromide to form a complex electro- 
lyte in which the bromine is largely ionized. The bromide ion may be 
replaced by hydroxyl, by treating with silver oxide. The resulting base 
is a comparatively weak electrolyte, its ionization being about the same 
as that of trimethyl tin hydroxide a t  the same molal concentration. It is 
gradually converted to the normal hydroxide on standing. 

Reaction between Trimethyl Tin Hydroxide and Methyl Iodide.- 
Harada has found evidence that a compound is formed when trimethyl 
tin hydroxide is treated with methyl iodide in acetone s o l u t i ~ n . ~  

In order to test this point further, a solution was made up containing 
0.1 mole of trimethyl tin hydroxide per liter, and to this was added 0.05 
mole of methyl iodide. The conductance of this solution was measured 
a t  25'. The specific conductance of the pure acetone was 1.2 X 
while that of a 0.1 N solution of methyl iodide was 1.4 X lob6 and of the 
hydroxide, a t  the same concentration, 5.2 X lo+. 

Immediately on adding methyl iodide to the solution of trimethyl tin 
hydroxide, the conductance began to increase and this continued over a 
considerable period of time. The results are given in Table VI. 

The initial values of the conductance rose very rapidly with time. 
The addition of a large excess of methyl iodide a t  the end of sixteen hours 

Harada, Thesis, Clark TJniversity, 1923. 
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TABLE VI 
CONDUCTANCE OF MIXTURES OF (CH3)3SnOH AND CHsI IN ACETONE 

Time, hours.. ........... 0 0.43 1 . 0  4 .5  13.0 16.0 1 6 . 6  
L x 104.. ............... 0.184 0.402 0.513 0.987 1.77 2.05 1.86 

. . . . . . . . . . .  Time, hours.. 18.0 20.0 25.8 42.7 49.0 67.0 85.7 
................. L x 10' 2.51 3.43 4.59 5.42 5.76 6.10 63.1 

" At this point a large excess of CH31 was added. 

resulted in a marked increase in the rate of reaction, as may be seen from 
the table. The sum of the conductance due to the components was 
approximately 0.078 X lom4, as against 0.184 X for the mixture 
as initially measured. As time went on, however, the conductance rose. 
At the end of sixteen hours the specific conductance of the solution had a 
value approximately twenty-six times that calculated for a mixture of 
the constituents. At that point, a large excess of methyl iodide was 
added in order to accelerate the reaction. At the end of eighty-six hours, 
the solution had reached practically a constant value of 6.31 X 
Assuming a compound to be formed of the type [(CH3)3SnOH]2.CH31, 
the equivalent conductance of the final solution had a value of 12.6. This 
value is greater than that of many salts, for example, lithium ch l~r ide ,~  
lithium nitrate or silver nitrate.1° 

Summary 
A convenient method is described for the preparation of the complex 

dihydroxy bromide, [(CH3)3SnOH]2-(CH3)aSnBr. The molecular weight 
of this compound in naphthalene indicates that i t  is largely dissociated 
into its constituents in that solvent. 

When the dihydroxy bromide is reduced with sodium in liquid ammonia, 
some hydrogen is evolved but not enough to  correspond to one mole of 
water in the compound. 

Ammino trimethyl tin bromide is precipitated from solutions of the 
compound in organic solvents. However, the compound is not greatly 
altered on solution in liquid ammonia. 

At higher temperatures the compound is dissociated into its constituents 
which sublime and recombine. A small proportion of trimethyl tin hy- 
droxide breaks down to dimethyl tin oxide, tetramethyl tin and water 
under these conditions. 

The electrical conductance of the compound in alcohol is approximately 
twice that of its constituents in the same solvent taken separately. 

The conductance of the compound in acetone is much greater than 
that  of its constituents in the same solvent. The conductance of tri- 
methyl tin bromide, on addition of 0.1 mole of hydroxide per mole of 

Serkov, J. Russ. Phys.-Chem. Soc.. 41, 9 (1909). 
lo Roshdestwensky and Lewis, J. Chem. Soc., 80, 2140 (1911). 



OC~.,  1930 THF3 MBCIIANISM OF CARlROHYDRATE OXIDATION. XI11 4065 

bromide, is increased thirty times and on addition of two moles, 300 times. 
On further addition of hydroxide the conductance is further increased, 
indicating appreciable dissociation of the complex compound in acetone. 

On treating the dihydroxy bromide with silver oxide in an  aqueous 
solution, the corresponding hydroxy derivative is obtained. The con- 
ductance of the solution clearly indicates that this complex hydroxide 
has considerable stability. It goes over gradually to trimethyl tin hy- 
droxide, with which i t  is isomeric. 

Trimethyl tin hydroxide forms a complex compound with methyl iodide 
in acetone. This compound is formed gradually and its solutions are 
relatively highly ionized. At a concentration of 0.1 N, the equivalent 
conductance has a value of the order of that of such salts as lithium ni- 
trate and silver nitrate. 

PROVIDENCE, RHODE ISLAND 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE OHIO STATE UNIVERSITY] 

THE MECHANISM OF CARBOHYDRATE OXIDATION. XIII. 
THE ACTION OF POTASSIUM HYDROXIDE ON CALCIUM 

HEXOSEDIPHOSPHATE. A COMPARISON WITH THAT 
OF GLUCOSE AND FRUCTOSE1 

The rates of fermentation of glucose, mannose and fructose are almost 
the same and the products of these reactions are ident i~al .~  These facts 
suggested a fermentation mechanism involving the formation of common 
intermediates-a condition which seemed easily satisfied on the assump- 
tion that these substances were the enediols of the hexoses, especially 
since no other hexose can yield the same enediols as these, and no other is 
fermented a t  a comparable rate. This point of view seemed strengthened 
through Young's discovery that the same hexosediphosphoric acid4 

( C ~ H I ~ O ~ ( P O ~ ( O H ) ~ ) ~ )  is formed from each of these three sugars as a n  
intermediate in fermentation as evidenced by the identity, regardless of its 
source, of all its properties, including optical rotation. Furthermore, this 
acid has little reducing power except on hydrolysis, and i t  does not form 
an osazone without hydrolysis of a phosphate group. 

Schlubach and Rauchenbergerqave recently methylated this common 
hexosediphosphoric acid and found that only seven methyl groups were 

Read at the Columbus Meeting of the American Chemical Society May, 1929. 
a E. I. du Pont de Nemours and Co. Fellow, 1928-1929. 

Harden, "Alcoholic Fermentation," Longmans, Green and Co., London. 1923, 
pp. 32,48. 

Young, Proc. Roy. Soc. (London), 81, 528 (1909). 
5 Schlubach and Rauchenberger, Ber., 60B, 1178 (1927). 



introduced into the molecule. If this acid were the derivative of an enediol, 
eight methyl groups should have been present in the resulting compound. 

CH,0pOJH9 The recently proposed structure (A) for this acid6 easily 
I satisfies the experimental data with reference to the forma- 

HO-C-------l tion of the tetramethyl ester of trimethylhexose-diphos- I 
HO-C-H I phoric acid. 

I 
H-C-OH P By reason of the results obtained in this Laboratory 

with reference to the action of glu~ose,~" fructose7b and H-l- 
1 mannose7' in aqueous solutions of potassium hydroxide, 
CH20P03Ha it became of much interest to know the behavior of cal- 

(A) cium hexosediphosphate, commercially known as "candi- 
olin," when it was subjected to the same experimental conditions as the 
three well-known hexose sugars. Especially were we anxious to obtain the 
experimental data with reference to lactic acid formation. These brief 
statements summarize our principal objectives in this work. 

Experimental Part 
Reagents.-The potassium hydroxide, zinc carbonate, phosphoric acid and ether 

used were of the same degree of purity as the reagents employed with glyceric aldehydes 
and dihydroxy-acetone.9 The glucose and fructose were Pfanstiehl's c. P. special an- 
hydrous brand with specific rotations recorded, respectively, as +52.5' and -91.66". 
The calcium hexosediphosphate was presented by the H. A. Metz Laboratories, and 
was purified before use by the method of Neuberg and Sabatay.lo 

Anal. Subs., 0.900: &(PO,):, by ignition, 0.0411. Calcd. Ca3(P0&: 45.73. 
Found: 45.66. 

Procedure.-The experimental details were practically the same as in the case of 
glyceric aldehyde. Glucose and fructose samples of 2.25 g. were used and candiolin 
samples of 2.827 g. corresponding to 1.125 g. of hexose. The object was to conserve the 
difficultly prepared material. The three substances were treated as nearly alike as pos- 
sible. 

Products of the Reaction.-The reactions were all carried out at  an alkali normality 
of five and at a temperature of 50°, with time as the variable. Qualitative examination 
was made for hydroxy acids, acetol, pyruvic acid, formic acid, acetic acid and lactic acid. 
Quantitative determinations were carried out for the last three named which were the 
only substances detected. 

Data.-The quantitative data are shown in Fig. 1. 

Theoretical Discussion and Summary 
1. It was found that the yield of lactic acid from glucose in 5 N po- 

tassium hydroxide solutions at  50' rises rapidly to a maximum in about 
6 Levene and Raymond, J. Biol. Chena., 80, 633 (1928); Morgan and Robison, 

Biochem. J., 22, 1270 (1928); "Annual Survey of American Chemistry," Vol. IV, 1930, 
p. 256. 

7 (a) Evans, Edgar and Hoff, THIS JOURNAL, 48, 2665 (1926); (b) Evans and 
Hutchman, ibid., 50, 1496 (1928); (c) Evans and O'Donnell, ibid., 50, 2543 (1928). 

8 Evans and Hass. ibid., 48, 2763 (1926). 
Evans and Cornthwaite, ;bid., 50,486 (1928). 

lo Neuberg and Sabatay, Biochena. Z., 151,240 (1925). 
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twenty-four hours and then remains constant up to at least five hundred 
and twenty-eight hours. The yields of formic and acetic acids are very 
low and remain constant over the same range of alkalinity. With fruc- 
tose the yield of all three acids is greater in amount and constant, a t  least 
up to 374 hours. The maximum is reached more rapidly, however, so 
that in two hours a high yield of lactic acid was obtained. This behavior 
of fructose seems to be in harmony with the observation that this keto- 
hexose is much more sensitive to some chemical reagents than either glu- 
cose or mannose. 

0 48 96 144 192 240 288 336 384 432 480 528 
Time (in hours). 

Fig. 1. 

2. Candiolin shows a striking similarity in behavior to fructose and 
glucose. The maximum yield of lactic acid is a little more slowly at- 
tained and remains lower than with either of the other compounds, while 
acetic acid is obtained in larger quantity. It is clear that the rate of 
hydrolysis of the calcium salt in alkaline solution becomes an important 
factor in determining the concentration of the resulting hexose. It has 
been recently pointed out by Shaffer and Friedmann1' that the yields 
of products obtained by the action of alkalies on the hexoses are dependent 
in part on the concentration of the sugar undergoing decomposition. The 
average yields after attaining a constant production are as follows 

Glucose, % Fructose. % Candiolin, 5% 
Lactic 45.55 50.27 44.11 
Acetic 0.85 1.52 2.31 
Formic 0.47 0 .20  - 0 63 - - 

Total 46.87 52.42 46.62 

3. From these data and those compared in the diagram, i t  is clear 
that the mechanism involved in the formation of lactic, acetic and formic 
acids in alkaline systems of candiolin is best understood on the basis that 

" Shaffer and Friedmann, J. Biol. Cham., 86, 361 (1930). 
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the calcium salt undergoes hydrolysis, thus liberating the keto-hexose, 
fructose. This sugar is then acted upon by the potassium hydroxide 
present, thus giving rise both to the sugars formed in the de Bruyn and 
van Ekensteinl"nterconversion and also to the enediols postulated by 
Nef.13 I t  has been repeatedly pointed out in these studies that lactic 
acid arises from the hexose-3,4-enediols. 

4. It has previously been considered7" that acetic and lactic acids, 
and also a portion of the formic acid obtained in the alkaline decompo- 
sition of the sugars are derived from pyruvic aldehyde by a series of re- 
actions which are represented by the equations 

/' CHsCHOHCOOH 
CHICOCHO 

1 CHsCHO + CO - CH,COOH + HCOOH 

Formic acid may also be derived from hydroxymethylene formed from 
the cleavage of hexose-1,2-enediol. From the figures given in paragraph 
2, it is seen that the ratios of the yields of acetic and formic acids from glu- 
cose and fructose tend to approximate the stoichiometrical relations indi- 
cated in the above chemical equations. In the case of candiolin, how- 
ever, the figures show that the acetic acid is proportionally too great for 
this equation. Furthermore, it should be pointed out that pyruvic alde- 
hyde osazone has never been obtained in any notable quantity from 
either glucose, fructose or mannose in 5 N potassium hydroxide solu- 
t ion~.~ '  At this alkalinity the pyruvic aldehyde intermediate is com- 
pletely converted into lactic acid. From these facts it follows that an 
independent source of acetic acid must be postulated. The junior author14 
proposes the following mechanism which is strictly analogous to that 
suggested by Evans and B e n ~ y ~ ~  for the formation of lactic acid from 
glyceric aldehyde. 

CHZOH - CHOH -Hzo+ CH + H ~ O  C H ~  

Lo +- II 4-, 11 10 - I 
CHOH + H ~ O  CH/ COOH 

De Bruyn and van Ekenstein, Rec. trae. chim., 14, 156 (1895); 14, 203 (1895); 
15,92 (1896); 16,257 (1897); 16,274 (1897); 16,262 (1897).; 19, 1 (1900); 27, 1 (1908). 

la Nef., Ann., 376, 1 (1910); 403, 204 (1914); 357, 294 (1907). 
l4 (a) R. C.  Hockett, Master's Thesis, The Ohio State University, 1928. Note 

the analogy between the rearrangement of acetylene oxide Into ketene and the well- 
known rearrangement of ethylene oxide into acetaldehyde. (b) Mr. P. G. Hoff, Doctor's 
Dissertation, The Ohio State University, 1926, made a similar proposal for the pres- 
ence of acetic acid in the alkaline decomposition of galactose in which he assumed 
that  glycol aldehyde, through the loss of water, would give rise to ketene, CH-C==O 
as an intermediate, a compound which is known to  add water with the formation of 
acetic acid. This proposal is included as a possibility in the above equations. 
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The presence of glycol aldehyde is due to the deavage of the hexose- 
2,3-enediol or that of a triose-l,2-enediol. It is also conceivable that the 
formic acid in these reactions may arise from the cleavage of the ethene 
diol molecule into two molecules of hydroxymethylene. 

COLUMBUS, OHIO 

[CONTEIBUTION NO. 59 FROM THE MASSACHUSETTS INSTITUTE OR TECHNOLOGY, 
RESEARCH LABORATORY OF ORGANIC CHEMISTRY] 

THE DISSOCIATION PRESSURES OF CERTAIN METAL PYRIDINE 
THIOCYANATES 

The determination of the dissociation pressures of the compounds of 
pyridine with metal thiocyanates is part of an investigation of the affinities 
by which pyridine and similar nitrogen bases are linked in their complex 
compounds. Of two compounds, such as nickelous tetrapyridine thio- 
cyanate and cobaltous tetrapyridine thiocyanate, for example, which have 
the same molecular constitution and differ only in the metal which they 
contain, the one which has the lower dissociation pressure of pyridine is 
evidently the one in which the pyridine is attached more firmly to the 
metal. Since the pyridine is supposed to be attached to the coordina- 
tion valence of the metal, it is to be expected that the order of the metals 
with reference to their affinity for pyridine will be the same in the series 
of the salts of one acid as in the series of the salts of another. By com- 
parison, also, of the dissociation pressures of the corresponding pyridine 
derivatives of different salts of the same metal, it is possible to  estimate 
the effect of the acid radical-for one acid will occupy more or less of the 
affinity of the metal than another acid and will leave less or more of the 
affinity available for combination through the coordination valences. 

We have worked with cobaltous, cupric, nickelous and zinc pyridine 
thiocyanates. The compounds were prepared and purified by the methods 
which had been used earlier for the chloroform-soluble metal pyridine 
cyanates.' Dissociation pressures were measured by starting with a 
mixture of pyridine with the most highly pyridinated compound of the 
metal thiocyanate, evacuating the space above it and allowing to come 
to equilibrium, noting the pressure, then pumping off a small amount of 
pyridine, again allowing to come to equilibrium and again noting the 
pressure, and so on, until the pyridine was completely removed from the 
substance. Thus we were able to be certain that none of the intermediate 
pyridine complexes escaped us, and that the dissociation pressures of all 
of the compounds, from that which existed in the presence of an excess 

Davis and Logan, THIS JOURNAL, 50,2493 (1928). 
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of pyridine to that which existed in the presence of the non-pyridinated 
metal thiocyanate, were actually observed. 

Cobaltous thiocyanate forms compounds only with two and with four 
molecules of pyridine, while cobaltous cyanate forms compounds with 
two, with four and with six molecules-a fact which suggests that the 
affinity of pyridine for the metal in the thiocyanate series is probably 
less than in the cyanate series. Studies on the dissociation pressures of 
the metal pyridine cyanates which are now going on in this Laboratory 
will throw further light upon the matter. 

Description of the Compounds 

Cobaltous tetrapyridine thiocyanate2 separates from chloroform in 
pink crystak which are moderately soluble in chloroform and more readily 
soluble in a mixture of chloroform and pyridine. Its solutions in organic 
solvents undergo the same color changes under the same conditions as 
solutions of cobaltous hexapyridine cyanate. After a week of exposure 
t o  the open air, it is converted entirely into deep blue cobaltous dipyridine 
thiocyanate. 

Cupric dipyridine thiocyanate3 is a green powder, less soluble in chloro- 
form than the cobalt compound and more readily soluble in chloroform 
if an  excess of pyridine is present. I t  loses pyridine to form the mono- 
pyridine compound, not previously reported, somewhat paler green in 
color and somewhat less soluble in chloroform than the dipyridine com- 
pound. When warmed in a vacuum, it yields black cupric thiocyanate. 

Nickelous tetrapyridine thiocyanate4 crystallizes from chloroform con- 
taining an excess of pyridine in blue crystals which resemble crystals of 
hydrated copper sulfate. When the chloroform solution is distilled or 
when the crystals are exposed to the air, the substance is converted into 
a pale blue powder of nickelous dipyridine thiocyanate,s sparingly soluble 
in chloroform. When the tetrapyridine compound is moistened with 
pyridine, or exposed for a long time to an atmosphere saturated with 
pyridine, it yields blue-violet crystals of a substance, not heretofore re- 
ported, which contains seven molecules of pyridine, possibly nickelous 
tetrapyridine thiocyanate with three molecules of pyridine of crystalliza- 
tion. The dissociation pressure curve of this substance is parallel to and 
only slightly lower than the vapor pressure curve of pure pyridine, and is 
of markedly different slope from those of the other nickelous thiocyanate 
pyridine complexes. 

Reitzenstein, 2. anorg. Chem., 18, 253 (1898); 32, 304 (1902); Sand, Ber., 36, 
1436 (1903). 

Litterscheid, Arch. Pharm., 239, 336 (1901); 240, 74 (1902); Spacu, Bull. Soc. 
Stiinte Cluj, 1,284 (1924). 

Grossmann, Ber., 37,559 (1904). 
Rosenstein and Cohn, 2. anorg. Chem., 27, 284 (1901). 
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Zinc tetrapyridine thiocyanate6 crystallizes in fine white needles from 
chloroform and pyridine mixture, in which it is moderately soluble. m e n  
moistened with pyridine and allowed to stand, it forms a cake of crystals 
from which the pyridine is re~noved with difficulty. 

Slctn1. '. 
Substance Calcd Fo~:n<l 

Cobaltous monopyridine thiocyanatc 
Cobaltous dipyridine thiocyai~ate 
Cobaltous tripyridine thiocyanate 
Cobaltous tetrapyridine thiocyanate 
Cobaltous pentapyridine thiocyanate 
Cupric monopyridine thiocyanate 
Cupric dipyridine thiocyanate 
Cupric tripyridine thiocyanate 
Nickelous monopyridine thiocyanate 
Nickelous dipyridine thiocyanate 
Nickelous tripyridine thiocyanate 
Nickelous tetrapyridine thiocyanate 
Nickelous pentapyridine thiocyanate 
Nickelous hexapyridine thiocyanate 
Nickelous hcptapyridine thiocyanate 
Nickelous octapyridinc thiocyanate 
Zinc tripyridine thiocyanate 
Zinc tetrapyridine thiocyanate 
Zinc pentapyridine thiocyanate 

The substatices were analyzed for metal-cobalt, nickel and zinc being 
determined as sulfate, copper as oxide. Results are shown in Table I, 
where the calculated values for the substances containing one more and 
one less molecule of pyridine than the found substances are included for 
comparison. 

Measurement of Dissociation Pressures 
The apparatus consisted of an ordinary closed-arm manometer mounted on a 

transparent millimeter scale and sealed to a side-arm, parallel to the arm of the U of the 
manometer, to the lower extremity of which a 50-cc. Erlenmeyer flask containing a few 
grams of the substance to be studied had been sealed. As near as practicable beyond 
this side-arm a tube carrying a glass stopcock was sealed on and inclined upward in 
such a manner that the Erlenmeyer flask and manometer and side-arm could be im- 
mersed completely in the bath while the stopcock remained above the cover of the bath. 
The apparatus was set up in a 4-liter beaker filled with distilled water, fitted with a tin 
cover and an electric stirrer, and having an electric light mounted behind i t  to illuminate 
the scale. The cover served to prevent excessive evaporation and provided a support 
from which to suspend the apparatus and the thermometer. Heat was supplied by a 
micro-burner and, with adequate protection from drafts, it was easy t o  maintain the 
temperature constant for several hours within a tenth of a degree. In preliminary ex- 

Grossmann and Hiinseler, Z. anorg. Chem., 46, 361 (1905). 
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pcriments in which the manometer was outside of the bath, it was found that pyridine 
distilled into the manometer and that the observed pressure was the vapor pressure of 
pyridine. The above-described simple apparatus was found to avoid the difficulty. 
A tube containing phosphorus pentoxide for the absorption of pyridine was inserted 
between the stopcock and the pump, for it was found that the pyridine, by dissolving in 
the oil of the pump, otherwise reduced the pump's efficiency. 

After the apparatus was assem- 
bled, the flask containing the sub- 
stance having been sealed on, a cubic 
centimeter or more of pyridine was 
introduced through the stopcock by 
means of a capillary dropper, for the 
purpose of providing enough pyri- 
dine to displace all of the air in the 
system and to insure the presence of 
the most highly pyridinated com- 
pound. The bath was then brought 
to the desired temperature, the 
apparatus evacuated, the stopcock 
closed and readings were taken a t  
intervals until it was apparent that 
equilibrium had been attained. In 
each series of experiments, the com- 
plete removal of air was confirmed 
and the accuracy of the apparatus 
was checked by comparison of the 
equilibrium pressure when some 
pyridine was in the flask with the 
reported vapor pressure of pyridine 
a t  that temperature. The pump u L I I I 

0.0030 0.0033 0.0036 
was then again operated for a short 
time and a second equilibrium at- 

1/T,  abs. tained checking the first. After this ., 
Fig. 1.-Dissociation pressures of metal pyri- the pump was operated for a longer 

dine thiocyanates. P, pyridine (vapor pressure) ; time, removing pyridine, until it was 
Co 4, cobaltous tetrapyridine thiocyanate; Co 2, evident either from a color change 
dipyridine; Cu 2, cupric dipyridine; Cu 1, mono- or from a sudden decrease in pres- 
pyridine; Ni 4, nickelous tetrapyridine; Ni 2, sure that a change in the substance 
dipyridine; Zn 4, zinc tetrapyridine. was taking place. The stopcock 

was then closed, readings taken as 
before, and the system again pumped out enough to displace the equilibrium, and so on, 
until the equilibrium pressure after two successive pumpings was the same. The system 
was then brought to equilibrium a t  a different temperature or it was evacuated until 
the compound of next lower pyridine content began to decompose, and the process was 
repeated. Observed pressures were corrected to 20 O to take account of the expansion of 
the mercury and glass of the manometer. 

The results are conveniently summarized by the chart, Fig. 1, in which 
the logarithm of the pressure is plotted against the reciprocal of the abso- 
lute temperature. 

The curves for the dissociation pressures of cobaltous tetra- and dipy.ri- 
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dine thiocyanates are practically parallel to each other and to  the curve 
for the vapor pressure of pyridine, which indicates that the a%nities of 
cobaltous dipyridine thiocyanate and of cobaltous thiocyanate for pyridine 
are practically constant over the temperature range of our observations. 

The curves of the cupric compounds approach the pyridine curve at 
the higher temperatures-and the affinities of cupric thiocykate and of 
cupric monopyridine thiocyanate for pyridine decrease with increasing 
temperature. The curve of cupric dipyridine thiocyanate intersects the 
pyridine curve a t  about 70°, at  which point the dissociation pressure of 
the complex and the vapor pressure of pyridine are both equal to 170 
mm. Above this temperature the dipyridine compound decomposes 
spontaneously into cupric monopyridine thiocyanate and pyridine. 

The nickelous compounds, on the other hand, show increased af i i t i es  
for pyridine at  the higher temperatures. The curve of nickelous tetrapyri- 
dine thiocyanate intersects the pyridine curve at about -3O, and the 
substance spontaneously decomposes below that temperature. We find 
that the higher pyridinated compound, when cooled in a freezing mixture, 
does in fact decompose to produce the lower pyridinated one, but have 
not been able to measure the vapor pressure at  the low temperature. 

The affinity of zinc thiocyanate for pyridine decreases with decreasing 
temperature and disappears at  about 20'. A sample of zinc tetrapyridine 
thiocyanate cooled to - 13' showed a pressure of 1.5 mm., which corre- 
sponds very closely to the vapor pressure of pyridine at  that temperature. 

We are not acquainted with any other complex salts which show the 
remarkable property, exhibited by the nickelous and zinc pyridine thio- 
cyanates, of decomposing when they are cooled. 

Reading from the chart, Fig. 1, we get the values for the dissociation 
pressures at  the even temperatures which are shown in Table 11. 

TABLE I1 

DISSOCIATION PRESSURES (MY. OF MERCURY AT 20') 
Temp., 'C.. . . . . . . . . .20 30 40 50 60 70 80 

Co(NCS)z.4Py 1.9 3 .4  6 .0  10.6 18.0 27.0 44.0 
Co(NCS)z.2Py . . . 0.5 0 .8  1 .3  2.1 3 .0  4 .7  
Cu(NCS)z-2Py 5 .1  12.0 27.0 58.0 106.0 . . . . 
Cu(NCS)z.Py . . .  3 . 4  5 .0  10.1 20.0 36.0 .. 
Ni(NCS)r4Py 5 .0  6 . 1  7 .5  9 .8  10.5 12.0 . . 
Ni(NCS)z-2Py 2 .3  2 .7  3 .3  3 .9  4.6 5 .2  . . 
Z~(NCS)Z.~PY . . . 21.5 31.0 42.0 57.0 100.0 . . 

Summary 

The dissociation pressures of cobaltous tetra-and dipyridine thiocyanates, 
of cupric di- and monopyridine thiocyanates, of nickelous tetra- and di- 
pyridine thiocyanates, and of zinc tetrapyridine thiocyanate have been 
measured at temperatures between 20 and 80'. 
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The affinity which holds the pyridine in the cobaltous compounds is 
practically constant over the temperature range 20 to SO0. In  the cupric 
compounds it decreases a t  the higher temperatures, while in the nickelous 
and zinc compounds it decreases a t  the lower temperatures. 

CAMBRIDGE, MASSACHUSETTS 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE UNIVERSITY OF ILLINOIS] 

RING CLOSURES IN THE CYCLOBUTANE SERIES. 11. 
CYCLIZATION OF a,af-DIBROMO-ADIPIC ESTERS 

A new method of effecting the closure of the cyclobutane ring has been 
reported by Fuson and Kao,' who obtained diethyl l-cyanocyclobutane- 
1,2-dicarboxylate (I) from diethyl a,af-dibromo-adipate by treatment with 
sodium cyanide in absolute alcohol. 

COOCzHa COOC~HB 

1 

The method has now been tried with other esters of a,at-dibromo-adipic 
acid and of p-methyl-cr,at-dibromo-adipic acid The present article is a 
report of these experiments. 

Since the weight of substituents is known to influence the ease of ring 
closure, attempts have been made to extend the closure method to a,at-  
dibromo-adipic esters in which the alkyl groups were large. For this pur- 
pose diphenyl a,at-dibromo-adipate and di-Snaphthyl a,at-dibromo- 
adipate were prepared. The diphenyl ester was prepared from a,art- 
dibromo-adipyl chloride by treatment with sodium phenoxide. A some- 
what better yield was obtained by heating the acid chloride with phenol. 
The dinaphthyl ester was prepared by heating a,af-dibromo-adipyl chloride 
with 0-naphthol. 

As was to be expected, these esters could not be studied in ethyl alcohol 
solutions because of rapid ester interchange. Attempts to replace the 
absolute alcohol by acetone, ethers, acetonitrile and other solvents led to 
negative results. Attempts to use other metal cyanides in these solvents 
were likewise fruitless. 

The influence of substituents in the adipic acid chain was then examined. 
Diethyl a,at-dibromo-8-methyl adipate (11) was heated for twenty-four 
hours with powdered sodium cyanide in absolute alcohol. 

Fuson and Kao, THIS JOURNAL, 51, 1536 (1929). 
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COOGHa COsCOHs COOH 
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The expected cyano ester (111) was obtained in a yield of 62% of the 
theoretical. The yield is not quite as high as those obtained with diethyl 
a,af-dibromo-adipate (70 to  80%). The position of the cyano group in 111 
has not been determined. The compound is a colorless oil which does not 
decolorize bromine water or dilute alkaline permanganate solution. 

Treatment with a solution of barium hydroxide converted the cyano 
ester into the methylcyclobutane tricarboxylic acid, IV, which was isolated 
in the form of the barium salt. Here, of course, the structure was in- 
definite with respect to one of the carboxyl groups. 

Experimental Part 
Diphenyl a,al-Dibromo-adipate (from Phenol).-One hundred and forty-six g. 

(1 mole) of adipic acid was placed in a I-liter flask equipped with a return condenser and 
288 g. (2.4 moles) of thionyl chloride was poured in a t  once. Thc mixture was warmed 
gently (50 to 60") on a water-bath until solution was complete and the evolution of 
hydrogen chloride had practically ceased. The excess thionyl chloride was then re- 
moved by distillation under diminished pressure. The crude adipyl chloride was bro- 
minated by adding 367.5 g. (2.3 moles) of dry bromine and 10 g. of phosphorus tribro- 
mide and heating a t  50 to 60' for thirty-six to forty-eight hours under a strong light. 

To the crude a,al-dibromo-adipyl chloride was added 188 g. (2 moles) of phenol. 
The mixture was maintained a t  a temperature of 50 to 60' for twenty-four hours. To 
the reaction mixture was then added 500 cc. of benzene; the solution obtained by heating 
this mixture was cooled and the ester separated in crystalline form. Treatment with 
charcoal removed the dark color from the benzene solution and the ester was obtained 
after one additional recrystallization from benzene as colorless crystals melting a t  146- 
148". The yield was 83 g. or 18.47' of the theoretical. 

Anal. Calcd. for ClbHlaO4Br2: Br, 35.1. Found: Br, 34.7. 
Diphenyl a,a'-Dibromo-adipate (from Sodium Phenoxide).-The ester was made 

also by treatingone mole of the crude a,&-dibromo-adipyl chloride with 232 g. (2 moles) 
of sodium phenoxide. The chloride was placed in an ice-bath and the sodium phenoxide 
was added gradually in small portions. Small amounts of benzene (200 cc. in all) 
were added from time to time and the reactants were thoroughly mixed by shaking. 
The ester was removed by extracting the solid mass with 800 cc. of boiling benzene. By 
concentration of the benzene extracts, 31.5 g. of the ester was obtained in nearly pure 
form. This corresponds to a yield of 77' of the theoretical. 

Di-8-naphthyl a,al-Dibromo-adipate.-To the dibromo-adipyl chloride obtained 
from one-half mole of adipic acid was added in portions one mole of p-naphthol. The 
mixture was stirred vigorously during the addition and after being dissolved in 200 to 300 
cc. of benzene was allowed to stand. The crude ester which separated after several 
hours was recrystallized from acetone. I t  melted at 165-166.8". The yield was 28.5 
g. or 1070 of the theoretical. 

Anal. Calcd. for C26Hzo04Br2: Br, 28.7. Found: 28,4. 
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Diethyl 3-Methyl-1-(or 2)-cyano-1,2-cyclobutane Dicarboxy1ate.-Eight g. of 
powdered sodium cyanide was placed in a 200-cc. round-bottomed flask containing a 
solution of 20 g. of diethyl a,oc1-dibromo-0-methyl adipate in 15 cc. of absolute alcohol. 
The mixture was heated under reflux on the steam-bath for twenty-four hours. I t  was 
then cooled and filtered by means of suction to remove solid inorganic substances (so- 
dium bromide and excess sodium cyanide). The solid material was washed with ether 
and the washings were added to the filtrate, which after the removal of the ether and 
alcohol boiled at  140 to 143 at  3 mm. The yield of diethyl3-methyl-1-(or 2)-cyano-1.2- 
cyclobutane dicarboxylate was 8 g. or 63% of the theoretical; dtO 1.08854; n2,' 1.44735. 

Anal. Calcd. for ClzHl7O4N: C, 60.2; H, 7.2. Found: C, 59.7; H, 7.2. 
Hydrolysis of the Cyano Ester.-The cyano ester was hydrolyzed by treatment 

with hot barium hydroxide (20%) according to the method of Perkin.2 From 8 g. of 
the ester was obtained 8.5 g. of the barium salt of the tricarboxylic acid; this corre- 
sponds to a yield of 67% of the theoretical. 

Anal. Calcd. for C~eHldO~zBas: Ba, 50.8. Found: Ba, 50.9. 

Summary 
Diethyl cu,crl-dibromo-/3-methyl adipate has been converted by treatment 

with sodium cyanide in absolute alcohol into diethyl 3-methyl-1-(or 2)- 
cyano-1,2-cyclobutane dicarboxylate. The latter has been hydrolyzed to 
the corresponding cyclobutanetricarboxylic acid, which has been isolated in 
the form of its neutral barium salt. 

The diphenyl and di-8-naphthyl esters of a,al-dibromo-adipic acid have 
been prepared. Attempts a t  ring closure were unsuccessful with these esters. 

 CONTRIBUTION FROM THE OKLAHOMA AGRICULTURAL AND MECHANICAL COLLEGE] 

THE SYNTHESIS OF SOME NEW COMPOUNDS RELATED TO 
APOCYNIN AND APOCYNOLl 

The syntheses described herein were undertaken originally with the aim 
of securing intermediates for a study of the effect of length of side chain 
upon the physiological properties of certain unstudied phenolic bodies 
related to  guaiacol. In choosing the method of preparation for such inter- 
mediates as the acyl substituted guaiacols, the findings of Finnemore2 

on methods of obtaining acetovanillone appeared to answer our immediate 
problem. His works suggested also new lines of thought that made the 

Perkin, J. Chem. Soc., 65, 580 (1894). 
1 This communication is an abstract of portions of theses submitted by B. H. Little 

and H. P. Andersen in partial fulfilment of the requirements for the degree of Master 
of Science at  the Oklahoma Agricultural and Mechanical College. 

2 Finnemore, J. Chem. Soc., 93, 1520 (1908). 
Finnemore2 pointed out that apocynol or a-(4-hydroxy-3-methoxyphenyl)- 

methyl carbinol and its demethylated product possessed certain structural similarities 
to epinephrine, and stated that these products were still under investigation since the 
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synthesis of our products seem even more interesting in a study of the 
relation of structure to physiological action. 

Apocynin, a constituent of the extract from Canadian Hemp (Afiocynuwz 
cannabinurn) used in medicine mainly as a cardiac stimulant and a diuretic, 
was shown by Finnemore4 to be identical with acetovanillone or (4-hydroxy- 
3-methoxyphenyl) methyl ketone. In order to obtain the latter substance 
in sufficient amounts for further study, a new synthesis2 was devised in 
which apocynol, resulting from the hydrolysis of the product obtained by 
the action of vanillin benzoate with the Grignard reagent, was oxidized with 
a chromic acid mixture. The carbinol could not be obtained directly by 
reacting vanillin with methylmagnesium iodide. In the present work this 
reaction also failed to go when other alkylmagnesium halides were used 
with vanillin. 

It was hoped that the above method for obtaining the benzoate of apo- 
cynol could be adapted here in the preparation of its ethyl, n-propyl, rt- 

butyl and n-amyl homologs, which might serve as starting materials. 
These compounds would yield the desired homologs of apocynol and 
apocynin when subjected to suitable oxidation and hydrolytic changes. 
Such changes have been carried out with greatest success in the case of the 
n-butyl derivatives by modifying the work of Finnemore for similar trans- 
formations. The various modifications will be described in detail later, 
but two of the more important changes should be pointed out here. First, 
it was found essential to use molecular quantities in reacting vanillin ben- 
zoate with the Grignard reagent to form the a-(4-benzoxy-3-methoxy- 
pheny1)-n-alkyl carbinols. This was accomplished through the use of the 
titration method of Gilman5 and co-workers for determining R-Mg-X in 
the reagent. Second, alcoholic potassium hydroxide was used to hydrolyze 
the benzoate esters in place of aqueous potassium hydroxide as used by 
Finnemore in forming apocynol. The factor which necessitated this 
change was no doubt due to the decreased solubility in water of the higher 
molecular weight esters. Absolute alcohol possessed a marked advantage 
over water as a solvent in diminishing greatly the time required for the 
reaction and the degree of decomposition of the hydrolyzed product 
in the hot alkaline solution. Since the n-butyl members of the above 
groups of compounds were much more easily prepared than the n-propyl 
and n-amyl members of each series, and since the five carbon side chain 
appeared to be of sufficient length for representative pharmacological 
testing, only the work with the n-butyl compounds has been described in 
detail in this paper. 
physiological properties promised to be of interest. Through private communication 
it was learned that he did not extend this work. 

Finnemore, J. Chem. Soc., 93, 1513 (1908). 
'Gilman, Zoellner and Dickey, Tms JOURNAL, 51,1576 (1929). 
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The faint vanillin-like odor of apocynin noted by Finnemore2 suggested 
t o  us a t  the start that the present study might lead to some interesting 
observations of the relation between chemical constitution and odor. 
It was observed also that Nomura and co-workers had made in recent years 
a series of studies with homologs of zingerone and related compounds with 
the view of unraveling the relation between their chemical constitution and 
pungency. In  one of the earlier papers6 i t  was found that 4-hydroxy-3- 
methoxyphenylbutane, possessed a pungent taste similar to zingerone. 
Thus i t  appeared that the presence of the carbonyl group in the side chain 
of zingerone is not essential, although i t  did seem to produce some effect on 
the taste. In view of the latter fact, the isomeric ketones which are pre- 
pared in the progress of this work may be of additional value in a study of 
the effect on taste or odor produced by the shifting of the carbonyl group in 
the side chain. The work has not been sufficiently advanced to draw con- 
clusions but the odor and taste of certain products described herein a t  least 
indicate that some interesting correlations along this line may be possible. 

Experimental 
Benzoate of Vanillin.-The method used by Popovici? for the preparation of this 

compound was modified as follows. To a solution of 50 g. of vanillin in 125 cc. of 10% 
sodium hydroxide there was added rapidly and with vigorous shaking 46 cc. of benzoyl 
chloride, cooling intermittently so as to allow the benzoate ester to crystallize out in 
small white globules. Excess benzoyl chloride was decomposed by addition of 50 cc. 
of 10yo sodium hydroxide and shaking well. The precipitate was collected, washed 
with 2 N ammonium hydroxide followed by slightly warmed water, dried and crystallized 
from 75% alcohol, when it appeared as colorless, monoclinic needles, m. p. 77" (corr.); 
yield, about 78%. Popovici reported the m. p. as 78' and Worner8 gave 75 ". 

a-(4-Benzoxy-3-methoxyphenyi)-n-butyl carbinol, C~H~(OCOC~H~)(OCHI)-  
(CHOHCa9).-This compound was prepared by a method somewhat similar to that 
used by Finnemoref for obtaining the simpler methyl carbinol by the action of the 
Grignard reagent upon the benzoate of vanillin. The present Grignard reagent was pre- 
pared essentially by the method recommended recently by Gilman6 and co-workers, 
using 37 g. of n-butyl iodide, 4.8 g. of magnesium, a small crystal of iodine and 10 cc. of 
anhydrous ether in a closed system. The titration method of Gilman and co-workers 
for estimating n-butylmagnesium iodide showed the yield of reagent to be about 70% 
in most of the runs. The diluted Grignard reagent was cooled with an ice-bath and to it 
was added dropwise with constant stirring 35 g. of vanillin benzoate dissolved in slightly 
warmed anhydrous ether. The mixture was stirred for three hours and then boiled 
gently for half an hour, after which it was cooled and decomposed with cracked ice and 
2 iV sulfuric acid. The ether layer was washed with a saturated sodium bisulfite solu- 
tion. 1.0% sodium hydroxide, and water in the order named The ether solution was 
saturated with carbon dioxide. dried over anhydrous sodium sulfate, filtered and evapo- 
rated under diminished pressure on a water-bath. A colorless oil remained which 
solidified largely upon cooling. The oily solid was washed with ligroin (b. p 90-120") 

Nomura and Hotta, Sci. Repis. I'Shokzl Imp. Univ., 14, 119 (192.5). 
Popovici, Ber., 40, 3504 (1907). 
WGmer, ibzd., 29, 139 (1896). 
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and crystallized from 75% alcohol, when it appeared as colorless monoclinic need-, 
m. p. 109.3O (corr.) ; yield, about 48%. 

A d .  Calcd. for C19H1204: C, 72.61; H, 7.06. Found: C, 73.05; H, 7.20. 
The compound was soluble in alcohol, acetone, ether and glacial acetic acid, but 

insoluble in water. The crystals dissolved in cancentrated sulfuric acid to  give a red 
color, but dilute alcoholic ferric chloride gave no change. 

a-(4-Hydroxy-3-methoxyphenyl)-n-butyl carbinol, C&Z$(OH) (OCHa) (CHOHCdH9). 
was obtained by the hydrolysis of the above benzoate ester through a modification of the 
method used by Finnemore2 for preparing the simpler homolog, apocynol. A solution 
of 3 g. of the benzoate in 50 cc, of lOyo alcoholic potassium hydroxide was refluxed for 
thirty minutes. The alcohol was evaporated off under suction and the residue was dis- 
solved in water. The solution was saturated with carbon dioxide and the precipitate 
which settled out was taken up in ether. The ether solution was dried over anhydrous 
sodium sulfate and then evaporated to a brown solid residue mixed with some oily im- 
purity. The oil was insoluble in boiling ligroin (b. p. 90-120') but the solid material 
dissolved and separated out upon cooling as colorless monoclinic crystals, m. p. 81.5O 
(corr.); yield, about 10%. 

A d .  Calcd.forCjaH~sOa: C,68.57; H,8.57. Found: C,68.10; H,8.82. 
The crystals dissolved in concentrated sulfuric acid to give a red color, and in dilute 

alcoholic ferric chloride to form a blue color. The product was soluble in alcohol, 
acetone, chloroform, ethyl acetate and dilute sodium hydroxide. The product possessed 
a very faint clove-like odor. 

(4 - Benzoxy - 3 - methoxyphenyl) - n - butyl ketone, C6Hs(OCOCQH5) (OCH,)- 
(COC4H9).-The corresponding carbinol was oxidized to the ketone derivative in essen- 
tially the same manner as described by Bogert and Howells9 for the oxidation of acyl 
hydroquinones to the corresponding quinones. A solution of 10 g. of the carbinol in 50 
cc. of warm glacial acetic acid was added slowly (ten minutes) to a mixture of 10 g. of 
potassium dichromate, 10 cc. of concentrated sulfuric acid and 100 cc. of water, while 
the solution was stirred vigorously. This stirring was continued for about ten minutes 
after all of the carbinol had been added, during which time the temperature was brought 
to  about 85', and then cooled. The mixtrue was diluted with an equal volume of water 
and, after a short period of standing, the precipitate was filtered off, washed well with 
water and dried. Recrystallized from alcohol, it gave colorless, shiny triclinic crystals, 
m. p. 88.1 ' (corr.) yield, about 92Yo. 

Anal. Calcd. for ClsHzoOl: C, 73.08; H, 6.39. Found: C, 72.87; H, 6.42. 
The product was soluble in ether, acetone and chloroform, but insoluble in dilute 

sodium hydroxide. The crystals dissolved in concentrated sulfuric acid to give a yellow 
color. The product possessed no particular odor. 

The phenylhydrazone when crystallized from alcohol gave colorless triclinic crys- 
tals, m. p. 163' (corr.); yield, about 46.5%. The crystals dissolved in concentrated 
sulfuric acid to give a yellow color. Nitrogen was determined by Milbauer'slo modifica- 
tion of the Kieldahl method. 

Anal. Calcd. for CzsHzsOaNz: N, 6.96. Found: N, 6.94. 
(4-Hydroxy-3-methoxypheny1)-n-butyl ketone, CcHa(0H) (OCHa) (COCIHS), was 

obtained by the hydrolysis of the above benzoate ester, using the same method already 
described for the corresponding carbinol derivative. The solid residue which remained 
after evaporating off the ether was recrystallized from 25% alcohol. A mixture of color- 

s Bogert and Howells, Tms JOURNAL, 52, 837 (1930). 
10 Milbauer, Z. anal. Chem., 42, 725 (1903). 
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less monoclinic and triclinic crystals seemed to separate out, m. p. 62.9' (con.); yield, 
about 90%. 

Anal. Calcd. for GZHleOs: C, 69.23; H, 7.69. Found: C, 68.95; H, 7.68. 
The ketone did not possess the faint vanillin odor characteristic of the lower homo- 

log, acetovanillone (apocynin), but it did carry a very faint pleasant odor. The product 
was soluble in alcohol, acetone, chloroform, ethyl acetate, hot benzene and toluene, 
and slightly soluble in hot water. The crystals dissolved in concentrated sulfuric acid 
t o  give a yellow color, and in dilute alcoholic ferric chloride to form a greenish-yellow 
color. The ketone was apparently decomposed by boiling 50% sulfuric acid with the 
evolution of products having a faint guaiacol odor mixed with a penetrating odor char- 
acteristic of some of the lower fatty aldehydes. The remaining solution turned a green- 
ish-yellow color unlike the red color noted by Finnemorea in the case of apocynin. 

Attempts were made to prepare the phenylhydrazone, 8-naphthylhydrazone and 
p-nitrophenylhydrazone, but the products were all oils which were too difficult to purify. 
The semicarbazone seemed to form, but physical examination and color reaction pointed 
to i t  as being the starting material. 

The diphenyl urethan was formed from diphenylcarbamine chloride in the usual 
manner. The product gave fluffy needles from alcohol, m. p. 121.5-123" (corr.); 
yield, about 52%. 

Anal. Calcd. for C ~ ~ H ~ S O ~ N :  N, 3.47. Found: N, 3.30. 

Comparative Yields of Carbinols from Vanillin Benzoate with Some 
Grignard Reagents.-In view of the findings of Gilman6 and co-workers, 
that the even-numbered halides give yields of Grignard reagents higher 
than the preceding halides that have an odd number of carbon atoms and 
furthermore a gradual drop in yield results in a given series with the ascent 
of that series to halides of higher molecular weight, it  might be expected 
that n-butylmagnesium bromide would give a better yield of the carbinol 
than that from n-propyl- or n-amylmagnesium bromide in the usual mode 
of synthesis. However, the relative yields obtained in this work cannot be 
accounted for in this way, since the titration method of Gilman and co- 
workers was used in correcting for molecular proportions of reagents. 
It was also found that n-butyl iodide gave better results than n-butyl 
bromide when used in the synthesis of the carbinol, although we had pre- 
dicted greater success with the bromide, since the above workers found that 
with a given alkyl group the lower yields are with iodide and the higher with 
the bromide. Perhaps n-butylmagnesium bromide is too active and not 
only attacks the aldehyde part of vanillin benzoate but also reacts with the 
phenyl ester group giving rise to oily by-products. Recent work" on the 
relative reactivities of some Grignard reagents indicates butylmagnesium 
bromide to be much more reactive than the iodide. Further work is being 
done in this connection to determine the relative merits of R-Mg-I and 
R-Mg-Br in reactions of the above type. 

a-(4-~enzoxy-3-methoxypheny1)-n-propyl carbinol, CeH3(0COCeH6) (0CHs)- 
(CHOHC8H,), was obtained by essentially the same method that was described for the 

l1 Gilman, Heck and St. John, Rec. trav. chim., 49,212 (1930). 
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12-butyl homolog. Colorless monoclinic crystals formed upon recrystallization from 
alcohol, m. p. 111.3" (corr.); yield, about 31.5%. 

Anal. Calcd.forClgHroOa: C,72.00; H,6.67. Found: C71.61; H, 6.90. 
The crystals were soluble in ether, chloroform and glacial acetic acid, but insoluble 

in water. The product dissolved in concentrated sulfuric acid to give a red color. The 
compound possessed a faint pleasant odor. 

(4 - Benzoxy - 3 - methoxyphenyl) - n- propyl ketone, CaH3(0COC6H6) (0CH3)- 
(C0C~H,j.-?'he above carbinol was oxidized readily by the method already described 
for the n-butyl homolog. Colorless tricliinic crystals were obtained from alcohol, m. p. 
79 (corr.) ; yield, about 51.5%. 

Anal. Calcd. for ClsHlsO,: C, 72.48; H, 6.04. Found: C, 71.82; H, 6.00. 
The crystals were soluble in ether, acetone and chloroform, but insoluble in dilute 

alkali. The product dissolved in concentrated sulfuric acid to give a yellow color. 
The phenylhydrazone when crystallized from alcohol gave colorless triclinic crystals, 

m. p. 175.5O (corr.). The crystals dissolved in concentrated sulfuric acid to give a 
yellow color. 

Anal. Calcd. for Cn4H240sNz: N, 7.22. Found: N, 7.12. 
a-(4-Benzoxy-3-methoxyphenyl)-~z-amyl carbinol, CsH3(OCOCaH6) (OCH3) - 

(CHOHCbHll), was also obtained by essentially the same method as described for its 
n-butyl homolog. The crude product was an oil mixed with about an equal amount of 
solid material, which was finally purified after considerable difficulty. Most of the oil 
was eliminated by pressing the crude product on a porous plate and allowing it t o  stand 
for several hours in a refrigerator. The mixture had a pleasant pungent odor along with a 
marked odor resembling that of valeric acid. The product was finally washed with 
ligroin and recrystallized from alcohol as colorless monoclinic crystals, m. p. 95.6O 
(corr). The yield varied widely and usually resulted a bit below 10yO, although one 
run seemed to give close to a 48% yield of a product which melted only a few degrees 
from the correct melting point. 

Anal. Calcd. for CzoHzaOa: C, 73.17; H, 7.32. Found: C, 72.91; H, 7.95. 
The crystals were soluble in ether, chloroform, acetic acid and ethyl acetate, but 

insoluble in water. The product dissolved in concentrated sulfuric acid to give a red 
color. 

The carbinol was oxidized with a chromic acid mixture for producing the ketone de- 
rivatives but the small amount of liquid product could not be suiliciently purified for 
complete identification. The small quantity of oil was apparently changed readily 
to the phenylhydrazone in the usual manner. The product after one crystallization 
from 7570 alcohol gave colorless crystals, m. p. 134.6" (corr.). The crystals dissolved in 
concentrated sulfuric acid to give a yellow color. 

Anal. Calcd. for C2aHzs03Na: N, 6.73. Found: N, 6.65. 

Summary 

1. Some new derivatives of the n-propyl, n-butyl and n-amyl homologs 
of apocynol and apocynin have been prepared and described. The n-butyl 
derivatives are apparently the most readily obtained of the series and thus 
have been studied in detail to give the n-butyl homologs of apocynol and 
apocynin, which appear to be of interest in a study of the relation between 
structure and physiological action. 

2. Tests on the comparative yields of the carbinols from vanillin benzo- 
ate and the Grignard reagent seem to indicate that R-Mg-I reagents are 
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superior to the R-Mg-Br type. Further work is being planned to determine 
the relative merits of the iodides and bromides in reactions of the above 
type. 

STILLWATER, OKLAHOMA 

[CONTRIBUTION NO. 61 FROM THE RESEARCH LABORATORY OF ORGANIC CHEMISTRY, 
MASSACHUSETTS INSTITUTE OP TECHNOLOGY ] 

STUDIES IN THE DIPHENIC ACID AND PHTHALIC ACID 
SERIES. IV 

I. The Structure of Phenoldiphenein 
Phenoldiphenein dissolves in sodium hydroxide solution with the de- 

velopment of a light yellow color.2 The apparently anomalous behavior 
of this compound makes it desirable to obtain evidence regarding its struc- 
ture. The arrangement of the groups in phenolphthalein has been es- 
tablished by the isolation of p,pf-dihydroxybenzophenone and benzoic 
acid from the melt obtained by the fusion of the phthalein with potassium 
hydroxide. The analysis of the potassium salt of phenolphthalein and 
the preparation of a dimethyl ether show the presence of two acidic hydro- 
gen atoms and two hydroxyl groups. An account of the application of 
these procedures to phenoldiphenein is given in this paper. The results 
of our experiments show that phenoldiphenein and its sodium salt are 
represented by the formulas 

CsH40H C6IdONa 
I I 

CeHd-C-CaH40H and C&~-C=C~HI=O 
I I I 

Apparently the groups in diphenic anhydride give a light yellow instead 
of a red color to the sodium salt of the phenol condensation product. 

Discussion of Experiments 
Alf of the temperatures given are uncorrected. 
Fusions of Phenolphthalein, Phenoldiphenein and the Fluorenone- 

phenol Condensation Product with Potassium Hydroxide.-A procedure 
which gave satisfactory results with phenolphthalein was first developed, 
and this was applied to phenoldiphenein and the fluorenone-phenol con- 
densation product. 

1 Some of the experimental results described in this paper are taken from a thesis 
submitted to the Faculty of the Massachusetts Institute of Technology by G. E. Barker 
in partial fulfilment of the requirements for the degree of Bachelor of Science. 

8 Underwood and Kochmann. THIS JOURNAL, 45,3071 (1923); 46, 2069 (1924). 
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An intimate mixture of 5 g. of powdered phenolphthalein (0.016 mole) and 20 g. 
of powdered potassium hydroxide (0.357 mole) was placed in a 60-cc. nickel crucible, 
and heated over a free flame until the solid melted. The crucible was allowed to cool 
while its contents were thoroughly stirred. The product was transferred to a mortar, 
ground to a fine powder and then placed in the crucible. After the mixture had been 
heated to its melting point, it was cooled, transferred to a mortar and reduced to a 
powder. The product was fused a third time, Since a solution of a sample of the 
mixture in water was not red, it was concluded that all of the phenolphthalein had been 
decomposed. The melt was extracted with four 50-cc. portions of boiling water and the 
solution was acidified with hydrochloric acid. The precipitate was collected on a filter, 
dried in the air and ground in a mortar with two 25-cc. portions of chloroform. Evapo- 
ration of the filtered chloroform extracts to dryness gave a colorless solid; this was 
crystallized from 15 cc. of boiling water. The product, which weighed 0.84 g. (43.8% 
yield) and melted a t  119-12O0, was identified as benzoic acid. The material which 
did not dissolve in chloroform was crystallized twice from 15 cc. of boiling water. About 
1 I g. (32.7yo yield) of p,pl-dihydroxybenzophenone, m. p. 206-207°, was obtained. 

The procedure described above was employed in the fusion of 3 g. of phenoldi- 
phenein (0.0076 mole) with 9.6 g. of potassium hydroxide (0.1711 mole). During the 
fusion a white vapor which had an odor like that of biphenyl was evolved, and the 
mixture was black after a third fusion. Acidification of the filtered solution of the melt 
caused the evolution of considerable carbon dioxide and the formation of a dark colored 
gelatinous precipitate. The solid was collected on a filter, dried and extracted with four 
10-cc. portions of boiling benzene. Evaporation of the benzene solutions to dryness 
gave a light giay solid which weighed 0.5 g. (33% yield) and melted at  110-Ill0 after 
crystallization from a small amount of an alcohol-water mixture. The material dis- 
solved in concd. sulfuric acid with the development of a wine-red color. The properties 
of this substance indicated that it was o-phenylbenzoic acid. Addition of an excess of 
bromine water to the filtrate from the gelatinous precipitate gave a colorless solid; 
this was filtered and dried in the air. The material, which weighed 1.22 g. and melted 
at  95", was identified as sym.-tribromophenol; the product is equivalent to  0.347 g. 
of phenol (24.3% yield). Apparently phenoldiphenein is transformed into salts of 
phenol, o-phenylbenzoic acid and carbon dioxide by fusion with potassium hydroxide. 

Similarly we secured 0.79 g. of sym.-tribromophenol (13.95% yield) and about 0.1 
g. of o-phenylbenzoic acid (6% yield) from the melt obtained by fusing 3 g. of the 
fluorenone-phenol condensation product (0.0086 mole) with 7 g. of potassium hydroxide 
(0.1247 mole). 

Analysis of the Potassium Salts of Phenolphthalein and Pheno1diphenein.-Pro- 
cedures which gave satisfactory results with phenolphthalein were first developed, and 
these were applied to phenoldiphenein. 

A solution of 0.5 g. of potassium hydroxide in 18 cc. of distilled water was thoroughly 
shaken with 1.49 g. of powdered phenolphthalein (calcd. amt. X 1.05) for twenty 
minutes and filtered. The filtrate was evaporated to dryness in a large dish; the dark 
red potassium salt was dried a t  160' for four hours and cooled in a desiccator over 
concd. sulfuric acid. 

Two-tenths gram of the dry potassium salt of phenolphthalein was placed in a 
weighed platinum crucible, and the latter was inclined on its side on a nichrome wire 
triangle. After three drops of pure, concd. sulfuric acid had been added to the salt, 
a platinum cover was placed on the crucible and the latter was carefully heated for about 
two and one-half hours a t  a temperature just below visible redness. At the end of this 
period the ash was practically colorless. A lump of pure ammonium carbonate about the 
size of a pea was introduced, and the mixture was heated to dull redness for half an  hour. 
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The crucible was now allowed to cool to room temperature in a desiccator containing 
anhydrous calcium chloride, weighed, heated again and reweighed. This procedure 
was repeated until the weight of the crucible was constant. From the quantity of 
colorless potassium sulfate in the crucible the percentage of potassium in the salt was 
calculated. 

Anal. Calcd. for CzaHnO4Kz: K, 19.83. Found: K, 19.88, 19.81. 
The procedures described above were used for the preparation and analysis of the 

potassium salt of phenoldiphenein. This salt is an amorphous greenish-yellow powder; 
its color is between shade 1 of yellow and the normal tone of greenish-yellow in Mulli- 
ken's color charts.' A very dilute solution of the sodium salt of phenoldiphenein be- 
comes practically colorless upon the addition of a large excess of concd. sodium hydroxide 
solution. 

Anal. Calcd. for CsaH~eOdKt: K. 16.62. Found: K, 16.67. 16.61. 
Lactone Dimethyl Ethers of Phenolphthalein and Phenoldiphenein-Procedures 

which gave satisfactory results with phenolphthalein were first developed, and these 
were applied to phenoldiphenein. 

A solution of 6 g. of phenolphthalein, 18 g. of methyl iodide (calcd. amt. X 3.36) 
and 0.6 g. of powdered potassium hydroxide in 40 cc. of methyl alcohol was maintained 
a t  4045 '  for twenty-four hours, and then 0.6 g. of powdered potassium hydroxide was 
added. At intervals of twenty-four hours another 0.6-g. and a 0.4-g. portion of powdered 
potassium hydroxide were ihtroduced, and the mixture was kept a t  40-45' during this 
period and for twenty hours after the last addition of alkali. The product was trans- 
ferred to a beaker which was left in a vacuum desiccator over anhydrous calcium chloride 
until the solvent evaporated. The dry residue was placed in a beaker, stirred with 50 
cc. of water, collected on a filter, washed with two 20-cc. portions of 5% potassium hy- 
droxide solution and with 20 cc. of water and dried. The yield of phenolphthalein 
lactone dimethyl ether, m. p. 100-101 O, was 5.68 g. (87%). 

By use of the procedure described above, we secured 1.6 g. of crystallime lactone 
dimethyl ether of phenoldiphenein (50% yield) from 3 g. of phenoldiphenein, 7.26 g. of 
methyl iodide (calcd. amt. X 3.36) and 0.9 g of powdered potassium hydroxide (calcd. 
amt. X 1.05), added in three portions of 0.25 g. and one of 0.15 g. Thirty-five cc. of 
methyl alcohol was used as a solvent. Phenoldiphenein lactone dimethyl ether was 
obtained in the form of colorless stout needles, m. p. 150-151 ", by crystallization from a 
small amount of methyl alcohol. The compound is insoluble in 10yo sodium hydroxide 
solution. 

Anal. Calcd. for C~H220~: C, 79.59; H, 5.25. Found: C, 79.36, 79.56; H, 
5.61, 5.58. 

Forty grams of active, anhydrous aluminum chloride was added, with stirring, to 
40 g. of dry phthalic anhydride and 50 g. of dry anisole (calcd. amt. X 0.855). After a 
reflux water condenser fitted with a drying tube containing anhydrous calcium chloride 
had been attached to the flask, the mixture was allowed to stand overnight a t  room 
temperature and then heated for three hours on a water-bath. The contents of the 
flask were diluted with 200 cc. of water and heated for an hour on a water-bath. The 
product was transferred to a beaker, and 50% sodium carbonate solution was added 
until the mixture was neutral. The solid was collected on a filter, ground in a mortar 
with two 50-cc. portions of 50% sodium carbonate solution and then with 50 cc. of 6 N 
potassium hydroxide solution. The material was collected on a filter again, washed 
with 50 cc. of water, dried and extracted with two 200-cc. portions of boiling methyl 

Mulliken, "Identification of Pure Organic Compounds," John Wiey and Sons, 
Inc., New Pork City, 1904, Vol. I. 
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alcohol. The liltered methyl alcohol solution was concentrated and cooled in ice t o  
facilitate the crystallization of the phenolphthalein lactone dimethyl ether. The product 
weighed 28 g. (35% yield) and melted at  100-101'. 

By use of the procedure described above, we obtained 0.76 g. (11.1% yield) of 
crystalline lactoue dimethyl ether of phenoldiphenein, m. p., 150-151 O, from 5 g. of dry 
diphenic anhydride, 3.5 g. of dry anisole (calcd. amt. X 0.725) and 3.1 g. of active, an- 
hydrous aluminum chloride. Fifty cc. of water was used to dilute the reaction mixture. 
The solid reaction product was washed successively with 15 cc. each of 50% sodium 
carbonate solution, 6 N potassium hydroxide solution and water. The dry material was 
extracted with two 50-cc. portions of boiling methyl alcohol. 

11. Reactions of Derivatives of Diphenic Acid and Phthalic Acid with 
Acetic Anhydride 

When the monomethyl, mono-ethyl, dimethyl and diethyl esters of 
diphenic acid were heated with acetic anhydride, each compound remained 
unchanged. Under similar conditions diphenamic acid was dehydrated in 
two different ways, giving diphenimide and 1-cyanobiphenyl-10-carboxylic 
acid; the diamide of diphenic acid was transformed into 2,2'-dicyanobi- 
phenyl. These reactions are dehydrations and involve union of the side 
chains attached to the rings.4 Since our investigations involve a compari- 
son of the behavior of derivatives of diphenic acid and those of phthalic 
acid, we have studied the action of acetic anhydride upon the methyl 
and ethyl esters, the mono-amide and the diamide of phthalic acid. 

Discussion of Experiments 
Monomethyl Phtha1ate.-After a mixture of 25 g. of phthalic anhydride and 125 g. 

of absolute methyl alcohol (calcd. amt. X 23.1) had been refluxed on a water-bath for 
five hours, the excess methanol was distilled and the reaction product transferred to a 
beaker which was left in a desiccator over anhydrous calcium chloride for several hours. 
The yield of monomethyl phthalate, m. p. 82-82.5", was 24.4 g. (80.2%). 

Ten grams of the ester was heated with 20 g. of glacial acetic acid and 30 g. of acetic 
anhydride for sixteen hours a t  145'. The mixture was cooled in ice and the solid which 
formed was collected on a filter and dried. The filtrate was concentrated by distillation 
a t  145' and the residue was transferred to a beaker, cooled and dried. The solid reac- 
tion product, which weighed 8.1 g. (98.5% yield), was identified as phthalic anhydride. 
Two cc. of impure methyl acetate was obtained by several fractionations of the dis- 
tillate. Three and nine-tenths grams of phthalic anhydride was secured by heating 10 
g. of monomethyl phthalate for sixteen hours at  145O. Two 10-cc. portions of pure 
anhydrous ether were used to separate the unchanged ester from the phthalic anhydride. 

Mono-ethyl Phtha1ate.-Twenty-five grams of phthalic anhydride was dissolved in 
200 cc. of absolute ethyl alcohol (calcd. amt. X 20.4) by refluxing the mixture for two 
hours on a water-bath. Removal of the alcohol by distillation produced a sirupy liquid. 
In order to separate the mono-ethyl ester from diethyl phthalate, the product was dis- 
solved in 100 cc. of water. The solution was maintained a t  its boiling point for an  
hour, and 25 g. of powdered barium carbonate was added during this period. The 
neutral mixture was cooled to room temperature and filtered; the filtrate was acidified 
with coned. hydrochloric acid and extracted with 100 cc. of ether. After the ether 
solution had been shaken with 10 cc. of water, it was dried overnight with 5 g. of an- 

Underwood and Clough, THIS J o ~ ~ L ,  51,583 (1929). 
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hydrous sodium sulfate and then filtered. The ether was removed by distillation on a 
water-bath. After drying in a vacuum desiccator over anhydrous calcium chloride, 
the product weighed 8 g. (24.4Yo yield). 

By use of the procedure described above, we obtained 7.5 g. of phthalic anhydride 
(98.4% yield) by heating 10 g. of mono-ethyl phthalate with 20 g. of glacial acetic acid 
and 30 g. of acetic anhydride a t  145' for sixteen hours. Two cc. of impure ethyl acetate 
was secured by several fractionations of the distillate. Ten grams of mono-ethyl 
phthalate yielded 4.7 g. of phthalic anhydride when heated a t  145' for sixteen hours. 

The results of our experiments show that the hydroxyl and alkoxyl groups in mono- 
methyl and mono-ethyl phthalates are loosely held. 

Dimethyl and Diethyl Phtha1ates.-Ten g. of each of these compounds was heated 
with 20 g. of glacial acetic acid and 30 g. of acetic anhydride for sixteen hours at  145', 
and the mixture was then fractionated. In each case, practically all of the ester was 
recovered unchanged. 

Phthalamic Acid.-Acidification of a solution of 50 g. of phthalimide in 150 g. of 25% 
potassium hydroxide solution (calcd. amt. X 1.97) with concd. hydrochloric acid, 
gave a light brown precipitate. This was collected on a filter, ground with three 
25-cc. portions of water in a mortar and dried. The yield of phthalamic acid, m. p. 
147-148'. was 43.2 g. (77%). 

After a mixture of 10 g. of phthalamic acid (the mono-amide of phthalic acid), 
20 g. of glacial acetic acid and 30 g. of acetic anhydride had been reiluxed for sixteen 
hours a t  145", practically all of the liquid was removed by distillation and the residue 
was stirred with 100 cc. of alcohol. The insoluble material was collected on a filter, 
washed and dried; this substance, which weighed 4.2 g., was identified as phthalimide. 
Evaporation of the filtrate to dryness gave 4.73 g. of phthalic anhydride. Ten grams 
of phthalamic acid was converted into 6.0 g. of phthalimide and 2.9 g. of phthalic an- 
hydride by heating a t  145" for sixteen hours. The products were separated by treat- 
ment with alcohol. 

In  "Beilstein" it is stated that phthalamic acid decomposes smoothly a t  155" into 
phthalimide and water, and that treatment with glacial acetic acid transforms phthal- 
amic acid into phthalic anhydride. 

Phtha1amide.-A mixture of 25 g. of phthalimide and 100 cc. of concd. ammonium 
hydroxide (d 0 9; calcd. amt. X 9.03) was maintained at  its boiling point for twenty 
minutes, and then allowed to cool to room temperature. The precipitated phthalamide 
was collected on a filter, washed with 20 cc. of 5y0 ammonia solution and dried for half 
an hour a t  100'. The product weighed 25.8 g. (92.5% yield) and melted a t  219-220" 
with evoIution of ammonia. 

The solution obtained upon heating 10 g. of phthalamide, 20 g. of glacial acetic 
acid and 30 g. of acetic anhydride a t  145" for an hour was cooled in ice. The precipitate 
which formed was collected on a filter and dried; it weighed 4.5 g. and melted a t  170- 
172'. The properties of this substance indicated that i t  was o-cyanobenzamide. 
Practically all of the liquid in the filtrate was removed by distillation a t  145'. When 
the residue was cooled in ice, it deposited a colorless solid which weighed 3.7 g. after 
drying. This product was identified as phthalimide. Ten g. of phthalimide was 
unchanged by heating for an hour a t  145". 

In  Beilstein it is stated that treatment with acetic anhydride (free from acetic acid) 
converts phthalamide into o-cyanobenzamide, phthalonitrile, phthalimide and acetyl- 
phthaliide. 

Summary 
Fusion with potassium hydroxide converts phenoldiphenein into the 

potassium salts of phenol and o-pbenylbenzoic acid. The lactone di- 
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methyl ether of phmoldiphenein is formed by treatment of the latter 
with methyl iodide and potassium hydroxide and by the reaction of di- 
phenic anhydride with anisole in the presence of anhydrous aluminum 
chloride. The presence of two acidic hydrogen atoms in phenoldiphenein 
is shown by analysis of the potassium salt. These transformations indi- 
cate that the structure of phenoldiphenein is similar to that of phenol- 
phthalein and that the sodium salt of phenoldiphenein contains a quinoid 
ring. The groups in this salt give it a light yellow instead of a red color. 

When dimethyl phthalate and diethyl phthalate are heated with acetic 
anhydride, each ester remains unchanged. Under similar conditions the 
monomethyl and mono-ethyl esters of phthalic acid yield phtl~alic anhy- 
dride. Phthalamic acid is converted into phthalimide and phthalic anhy- 
dride by treatment with acetic anhydride, and phthalamide gives o-cyano- 
benzamide and phthalimide. 

CAMBRIDGE, MASSACHUSETTS 
-- 

PREPARATION OF SOLID DERIVATIVES FOR THE 
IDENTIFICATION OF ETHERS 

BY H. W. UNDERWOOD, JR., 0. L. BARIL AND G. C. TOONE' 
RECEIVED JULY 19, 1930 PUBLISHED OCTOBER 6, 1930 

Ethers are usually described as inert compounds; the carbon-oxygen 
bond is firmly held, and drastic treatments, such as heating with hy- , 
driodic acid or anhydrous aluminum chloride, are generally employed to 
split ethers. These methods are not suitable for the preparation of solid 
derivatives for the identification of small amounts of ethers. Recently 
it was shown that ethyl 3,5-dinitrobenzoate is formed by the treatment 
of the dinitrobenzoyl chloride with pure, dry ethyl ether in the presence of 
anhydrous zinc ~hloride.~ This paper describes the preparation of crystal- 
line 3,5-dinitrobenzoates from small amounts of representative, simple 
aliphatic ethers. Procedures for the conversion of typical aromatic ethers 
into crystalline bromo derivatives are also discussed. 

Discussion of Experiments 
All the temperatures given are uncorrected. 
Purification of Ethers.-The aliphatic ethers were purified by the 

method described in a previous paper.a Experiments with samples of 
%me of the experimental results described in this and a previous paper are taken 

from a thesis submitted to the Faculty of the Massachusetts Institute of Technology 
by G. C. T y n e  in partial fulfilment of the requirements for the degree of Master of 
Science. The bromo derivatives of the aromatic ethers were prepared by 0. L. Baril. 

Underwood and Wakeman, THIS JOURNAL, 52,387 (1930). 
Underwood and Toone, ibid., 52, 391 (1930). 



4088 UNDERWOOD, B A R E  AND TOONE V0l. 52 

all the aliphatic ethers, except isobutyl and n-hexyl, obtained from the 
Eastman Kodak Company gave results similar to those obtained with the 
purified compounds. 

Reactions of Simple Aliphatic Ethers with 3,5-Dinitrobenzoyl Chloride 

General Procedure.-One cubic centimeter of each ether was added 
t o  a mixture of 0.1-0.15 g. of finely powdered, anhydrous zinc chloride 
and 0.5 g. of 3,5-dinitrobenzoyl chloride in a dry 7.6-cm. test-tube. A 
small reflux water condenser, constructed from two pieces of glass tubing, 
was attached immediately, and the mixture was refluxed gently by heat- 
ing in an oil-bath for about one hour. The product was then poured 
into a small beaker. The test-tube was rinsed with 10 cc. of 1.5 N sodium 
carbonate solution and this was added to  the reaction mixture. The 
contents of the beaker were stirred and heated in a water-bath, maintained 
a t  90-100°, for about one minute. The mixture was allowed to stand a t  
room temperature for five minutes, and then filtered by suction. The 
precipitate was washed on the filter with 5 cc. of 1.5 N sodium carbonate 
solution and with two 5-cc. portions of water, and then drained thoroughly. 
The solid was transferred to a 15-cm. test-tube and extracted with 10 
cc. of carbon tetrachloride, kept a t  its boiling point by heating over a free 
flame, for about three minutes. The hot mixture was filtered immediately 
and the filtrate was evaporated to dryness by a current of air. The resi- 
due was crystallized from 2-3 cc. of carbon tetrachloride. Crystalliza- 
tion was facilitated by cooling the solution in ice. The crystals were 
dried in the air. The yield of alkyl 3,5-dinitrobenzoate was 0.1-0.15 g. 

The ethers investigated and the melting points of the 3,5-dinitroben- 
zoates obtained are as follows: ethyl, 92-93'; n-propyl, 73.5-74'; iso- 
propyl, 120-121' ; n-butyl, 62-83' ; isobutyl, 84.5-85.5O ; n-amyl, 42- 
43'; iso-amyl, 60-61'; n-hexyl, 54.5-55.5'. In  some experiments i t  
was necessary to evaporate the carbon tetrachloride solutions of the prod- 
ucts from n-amyl, iso-amyl and n-hexyl ethers almost to  dryness in order 
t o  isolate the esters, and subsequently to recrystallize the latter from 
about 2 cc. of ethyl alcohol. Carbon tetrachloride was used insteid of 
alcohol in our experiments in order to avoid reactions of unchanged dinitro- 
benzoyl chloride with the alcohol. 

Several investigators have given different melting points for alkyl dinitro- 
benzoate~.~ Each melting point, except that of the n-amyl ester which 
is listed as 44.4-44.6' by TsengJ4 obtained by us agrees with one previously 
reported. We found that we could raise the melting point of n-amyl 

Malone and Reid, THIS JOURNAL, 51, 3426 (1929); Reichstein, Helv. Chim. Acta, 
9, 802 (1926); Majima, Nagaoka and Yamada, Ber., 55, 215 (1922); Mulliken, "Identi- 
fication of Pure Organic Compounds," John Wiley and Sons, Inc.. New York City, 
1904, Vol. I, pp. 168-172; Research on derivatives of alcohols carried out at the Massa- 
chusetts Institute of Technology by Tseng under the direction of Professor Mulliken. 
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3,5-dinitrobenzoate by preparing a relatively large amount of tlie ester 
and recrystallizing it several times from ethyl alcohol. The melting points 
given above are those usually obtained under the conditions we used. 
We checked the identity of our products by mixed melting points with 
samples of alkyl dinitrobenzoates prepared from pure alcohols. 

Reactions of Aromatic Ethers 

Anisole, Phenetole and p-Nitrobenzoyl Chloride.-It has been noted that  diphenyl 
ether and anisole behave like aromatic hydrocarbons when heated with acetyl and 
benzoyl chlorides in the presence of anhydrous zinc chloride; ketones are formed by the 
introduction of an acetyl or benzoyl group into the aromatic nuc1eus.P The reactions 
of these (and other aromatic) ethers with 3,5-dinitrobenzoyl chloride gave products 
which had undesirable properties. 

4'-Nitro-4-methoxybenzophenone and 4'-nitro-4-ethoxybenzophenone were readily 
prepared from anisole and phenetole. A mixture of 1 cc. of each ether, 0.8 g. of pure p- 
nitrobenzoyl chloride, 1 cc. of dry carbon disulfide and 0.1 g. of granular, anhydrous 
aluminum chloride was placed in a dry 7.6-cm. test-tube, and warmed gently over a 
free flame to start the reaction. After the evolution of hydrogen chloride had subsided, 
a small water condenser, constructed from two pieces of glass tubing, was attached to  the 
tube and the mixture was refluxed gently for half an hour by heating in an  oil-bath. 
The contents of the tube were rinsed into a small beaker with 15 cc. of water and allowed 
to cool. The mixture was next extracted, in a separatory funnel, with a 15-cc. and a 5-cc. 
portion of ether. The combined ether layers were shaken with 15 cc. of 10yo sodium 
hydroxide solution, and then dried with 1 g. of anhydrous sodium sulfate for half an  
hour. The dry ether solution was decanted and the solvent was allowed t o  evaporate 
under a hood. The solid residue was crystallized two or three times from 5 cc. of 
alcohol. Our 4'-nitro-4-methoxybenzophenone melted a t  120.5-121°, and the 4'- 
nitro4-ethoxybenzophenone melted a t  110.5-lllO. These compounds are listed in 
Beilstein; the melting point of the ethoxy derivative is given as 112". We found no 
references to the preparation of these substances from small amounts of the ethers. It 
is believed that our products are the most satisfactory solid derivatives now available 
for anisole and phenetole. 

Attempts to prepare p-nitrobenzoyl derivatives of naphthyl, benzyl and other 
aromatic ethers gave oils which would not crystallize. Consequently, it was decided to 
investigate another reaction for ethers containing aromatic groups. 

Bromination of Aromatic Ethers.-Procedures for the preparation of crystalline 
bromo derivatives from representative aromatic ethers were devised; details are given 
in Table I. 

The bromo derivatives of a-cresylmethyl, benzyl, a-naphthylmethyl and P-naph- 
thylmethyl ethers are new compounds. The other products are listed in Beilstein, 
but we found no references to the preparation of these compounds from small amounts 
of the ethers. In most cases it was necessary to modify considerably the  preparative 
methods given in the literature; the rate of addition of bromine and temperature con- 
trol are particularly important. 

Brominations of anisole and phenetole gave oils which would not solidify. 
Anal. Monobromo-o-cresyl methyl ether. Calcd. for CsH90Br: Br, 39.76. 

Found: Br, 39.38, 39.41. Dibromobenzyl ether. Calcd. for C14HuOBra: Br, 44.90. 
Found: Br, 44.76,44.79. Monobromo-a-naphthyl methyl ether. Calcd. for CuHgOBr: 
Br, 33.73. Found: Br, 33.69, 33.65. Monobromo-j3-naphthyl methyl ether. Calcd. 
for CzlHpOBr: Br. 33.73. Found: 33.68, 33.67. 
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Oxidation of Cresyl Ethers.-Brominations of p-cresyl methyi, p-cresyl ethyl and 
o-cresyl ethyl ethers gave oils which would not solidify. Details of a procedure for 
the oxidation of these compounds to anisic, p-ethoxybenzoic and o-ethoxybenzoic acids 
are given MOW. A mixture of 0.5 g. of the ether, 2.5 g. of concd. sulfuric acid, 37 cc. 
of water and 1.75 g. of powdered potassium dichromate was heated at  its boiling point 
in a flask connected with a reflux water condenser. The periods of heating were four, 
three and two hours, respectively. The mixture was cooled to room temperature, di- 
luted with 50 cc. of water, transferred to a separatory f u ~ e l  and extracted with 30. 10 
and 10-cc. portions of ether. The combined ether layers were shaken with 25 cc. of 10% 
sodium carbonate solution. The sodium carbonate extract was acidiied with 20 cc. of 
6 N hydrochloric acid. The precipitated anisic and P-ethoxybenzoic acids were col- 
lected on a filter, washed with 5 cc. of water and crystallized from 50 cc. of hot water and 
from 10 cc. of alcohol, respectively. o-Ethoxybenzoic acid was precipitated as an oil; 
this was extracted with two 25-cc. portions of ether. The ether solution was dried with 
2 g. of anhydrous sodium sulfate for an hour, decanted and allowed to stand until the 
solvent evaporated. About 0.1 g. of an oil which melted at  19-19.5' was thus obtained. 
The yields of anisic and fi-ethoxybenzoic acids were 0.2 and 0.3 g.; the products melted 
a t  183.9 and 195.2-195.5', respectively. 

Summary 

Small amounts of ethyl, n-propyl, isopropyl, n-butyl, isobutyl, n-amyl, 
iso-amyl and n-hexyl ethers are converted into the corresponding 3,5- 
dinitrobenzoates by treatment with 3,5-dinitrobenzoyl chloride in the 
presence of anhydrous zinc chloride. The reactions of pnitrobenzoyl 
chloride with small quantities of anisole and phenetole give 4'-nitro-4- 
methoxybenzophenone and 4'-nitro-4-ethoxybenzophenone. Crystalline 
bromo derivatives can be readily prepared from small amounts of o-cresyl 
methyl, resorcinol dimethyl, hydroquinone dimethyl, eugenol methyl, 
isoeugenol methyl, diphenyl, benzyl, a-naphthyl methyl, j3-naphthyl 
methyl, a-naphthyl ethyl and j3-naphthyl ethyl ethers, guaiacol, veratrole, 
anethole, safrole and isosafrole. The oxidation of p-cresyl methyl, P- 
cresyl ethyl and o-cresyl ethyl ethers on a small scale gives anisic, p-ethoxy- 
benzoic and o-ethoxybenzoic acids. 

C B M B R ~ E ,  MASSACHUSETTS 
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As is well known,2 citronellal can be changed into isopulegol or its de- 
rivatives by the action of acids or acid anhydrides. In  fact, isopulegol 
is most conveniently prepared in the laboratory by the action of acetic 
anhydride upon citronellal, and the mechanism of this reaction has been 
elucidated by ~emmler?' who found that the aldehyde was changed first 
into its en01 acetate, which then added a second molecule of acetic acid 
with formation of a diacetate, this diacetate in turn splitting out a mole 
of acetic acid again in such manner that ring closure was effected and 
isopulegol acetate produced. 

When such acids as formic or phosphoric are used as condensing agents, 
hydrates of isopulegol are obtained, as shown by ~ r i n s . ' ~  

LabbeS observed that citronellal on standing gradually changed almost 
wholly to  the isomeric isopulegol. A sample which nearly completely 
filled its container, after standing for two months, no longer exhaled any 
citronellal odor or gave any appreciable reaction with bisulfite, but  when 
oxidized with dichrornate and sulfuric acid yielded isopulegone. 

Sernagiotto4 likewise noted that when citronellal was exposed t o  direct 
sunlight, in the presence of air and moisture, isopulegol was formed, as 
well as dihydroxycitronellic acid. The conditions under which this ex- 
periment and that of Labbe3 were carried out, however, were such as t o  
make i t  desirable to ascertain the effect of ultraviolet light alone upon 
the aldehyde. 

For this purpose, citronellal was placed in a closed quartz vessel and 
exposed to ultraviolet light, the effect of this exposure being followed by 
noting the gradual rise in the refractive index. Examination of the prod- 
uct showed that a considerable amount of the citronellal had been changed 
into isopulegoI. This conversion must have been due therefore chiefly 
to  the action of the light rays and not to an hydration-dehydration reac- 
tion, since all moisture had been excluded. 

To prove that under these conditions also the en01 form of citronellal 
Rockefeller Foundation Fellow, 1929-1930. 

"a) Dodge, THIS JOURNAL, 11, 464 (1889); (b) Dodge, ibid., 12, 555 (1890); 
(c) Tiemann and Schmidt, Ber., 29, 913 (1896); (d) Barbier and Leser, Conapt. rend., 
124, 1308 (1897); (e) Wegscheider and SpPth. Monatsh., 30, 825 (1909); (f) Semder,  
Bet-., 42, 2015 (1909); (g) Dodge, THIS JOURNAL, 37, 2756 (1915); (h) Prins. Chem. 
Weekblad, 14, 627 (1917). 

a Labbe, Bull. soc. chim., [3121, 1023 (1899). 
Sernagiotto, Atti accud. Lincai, [5] 2 4  850 (1915). 
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was probably the intermediate product, some of this en01 acetate was 
prepared by the method of semmler2' and exposed to the ultraviolet rays. 
Isopulegol acetate was formed. 

It is believed therefore that the effect of the ultraviolet rays upon 
citronellal (I) is to rearrange i t  first to the en01 formation (11), and then 
t o  close the latter to  the cyclic isopulegol (111) 

CHs CHI CHa 
1 I 

CH 
I 

FH\ 
CHz CH2 C<* \cH 

FH\ 
CHz CHz 

I I + I  I I 
CHz CHO 

I1 
CH* CHOH CH, CHOH 

\CHP \CH, \CH/ 
I 

CHrC=CHz 
I 

CHsC=CHa 
I 

CHrC=CH2 
I I1 I11 

This hypothesis is supported further by the facts that reagents effec- 
tive in accomplishing this ring closure have been shown to  function as 
enolizing agents, and because the en01 being the unstable form of the 
aldehyde it has been observed by Stoermer5 that light can change the 
stable forms of certain compounds into unstable tautomers. 

Several investigators6 have observed that the action of light upon alde- 
hydes often results in the production also of di- and trimolecular polymers. 
It is worth noting, therefore, that in our own experiments a trimolecular 
polymer of citronellal was isolated among the products formed by the 
action of the ultraviolet light. prinsZh reported a dimolecular polymer 
as  one of the products when formic acid acted upon citronellal. 

That "citronellal," as ordinarily obtained, is probably an equilibrium 
mixture of two structural isomers, one, the so-called "alpha" or "limonene" 
form, corresponding to Formula (I) above, and the other, the "beta," 
"terpinolene" or "rhodinal" form, (CH3)2C===CH(CH2)2CH(CH3)CH~- 
CHO, seems indicated by the reports of various  worker^.^^.^ 

The nature of the citronellal used in our experiments is described be- 
yond. Although both forms yield isopulegol when treated with strong 

(a) Stoermer and Simon, Ann., 342,11 (1905); (b) Stoermer, Ber., 42,4867 (1909). 
(a) Benrath, J. prakt. Chem., [2] 72, 220 (1905); (b) Ciarnician and Silber, Ber., 

44, 1558 (1911); (c) Benrath, J. prakt. Chem., [2] 86, 336 (1912); (d) Franke and Pol- 
litzer, Sitz. Akad. Wiss. Wien, Abt. IIb, 122, 183 (1913); Monatsh., 34, 797 (1913); 
(e) Stobbe and Lippold, J. pakt .  Cltem., [2] 90, 277, 280 (1914). 

' (a) Semmler, Ber., 26, 2257 (1893); (b) Barbier and Bouveault, Compt. rend., 
122,737 (1896); (c) Tiemann and Schmidt, Ber., 30,33 (1897); (d) Harries and Roeder, 
ibid., 32,3357 (1899); (e) Bouveault, Bull. soc. chim., [3] 23, 458, 463 (1900); (f) Harries 
and Schauwecker, Ber. 34, 1498, 2981 (1901); (g) Harries and Himmelmann, ibid., 41, 
2187 (1908); (h) Harries, Schimmel's Ber., October, 1915, p 78; (i) Grignard and Do- 
euvre, Compt. rend., 187, 270 (1928); (j) Grignard and Doeuvre, ibid., 187, 330 (1928); 
(k) Verley, Bull. sac. chim., [3] 43,845 (1928); (1) Doeuvre, ibid., [3] 47, 323 (1930). 
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acids, i t  is our belief that, under the action of ultraviolet light, the alpha 
tends to produce isopulegol mainly and the beta the polymer 

a-Form isopulegol 
J t 1 

8-Form -+ polymer 

If, then, light alone is capable of changing citronellal into isopulegol 
and higher polymers, it is of considerable significance for phytochemistry 
and botany as a plausible, or a t  least possible, explanation of the origin 
of certain cyclic terpenes found in the vegetable kingdom. 

Experimental Part 
Apparatus.-The source of the ultraviolet light was a mercury vapor lamp manu- 

factured by the Hanovia Chemical and Manufacturing Company, of Newark, N. J., 
and known as the "Advanced Research Lamp," with an average life of about 4000 hours. 
The container for the material to be exposed to the rays was a quartz box, 10 X 5 X 1 
cm., furnished with quartz inlet and outlet tubes, which were kept closed with rubber 
tubing during the experiments. This box was placed four inches from the burner and 
its temperature was maintained a t  45-50' by a stream of air. In Runs A and B, Table 
I, the box was filled completely by the citronellal. In Run C, the quantity of aldehyde 
available was not enough for this, so the space remaining was filled with dry carbon 
dioxide, to prevent oxidation, and this was done also in Run B after the removal of the 
sample for analysis following fifty hours' exposure. 

Citronella1.-A high-class commercial article, supplied through the courtesy of 
Fritzsche Brothers, of New York, was used as initial material; b. p. 200-202", dm 

0.8578, n y  1.44991, a2 +4O22' (2 = 0.5 dm.). 
To determine the amount of non-volatile impurities present, 5 g. of the  aldehyde 

was distilled with steam. What remained in the distilling flask was extracted repeatedly 
with ether, the ether extracts dried and the ether driven off. There remained 0.02 g. 
of a yellow oil, equivalent to 0.4% of the original aldehyde. 

The determination of the non-aldehydic content of the volatile material was based 
upon the experiments of Tiemann and schmidt7' which proved that citronella1 condenses 
quantitatively with semicarbazide under proper conditions. Three grams of the steam- 
distilled aldehyde, which had been dried with anhydrous sodium sulfate, was poured into 
an aqueous solution of 3 g. of semicarbazide hydrochloride and 3 g. of anhydrous sodium 
acetate. Alcohol was added to this solution until it became slightly opalescent. The 
mixture was kept at  room temperature overnight, then heated for six hours a t  60- 
70°, after which it was transferred to a larger flask and distilled with steam. The oil 
driven over by the steam was collected with ether, the ether extracts dried with anhy- 
drous sodium sulfate and the ether removed. There remained 0.25 g. of oil, or 8.3% 
of the original aldehyde. 

In conducting the runs recorded in Table I, the change in refractive index of the 
citronellal was determined with a Pulfrich refractometer at the intervals indicated. 
It will be noted that indices recorded in Runs B and C are mostly lower than in Run A, 
for the same total exposure, and this we believe can be ascribed, in part a t  least, to the 
decreasing activity of the lamp with use. 

After exposure, as shown in Table I, samples were removed and analyzed for non- 
volatile and for volatile non-aldehydic content by the methods given above. The re- 
fractive index for the volatile non-aldehydic material obtained was also recorded. 
These data are given in Table 11. 

Examination of the volatile non-aldehydic mterial separated (from Run A after 
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177.5 hours' exposure, which amounted to 27.9%.--It was distilled under reduced pres- 
sure. Practically all came over at  90-91 ' a t  9 mm. pressure and showed the properties 
of isopulegol, including dZ0 0.9125 and n2$ 1.47078, as compared with dl7.6 0.9154 and 
n$ 1.47292 as recorded for isopulegol in the literature." 

This product (3.2 g.) was oxidized to isopulegone by potassium dichromate and 
sulfuric acid, as described by Tiemam and ~chmid t , ' ~ .~  except that sodium bicarbonate 
was added to the oxidized mixture before i t  was distilled with steam. The ketone re- 
covered (2 g.) was converted into its semicarbazone which, after two recrystallizations 
from dilute alcohol, formed colorless needles, m. p. 183' (uncorr.), in agreement with 
the figure given in the literature9 for the inactive isopulegone semicarbazone. 

Anal. Calcd. for CilHlyONa: N, 20.10. Found: N, 19.95. 
Tiemann and Schmidt obtained the active semicarbazone by their process. 
Examination of that Portion of the Exposed Aldehyde which was not Volatile with 

Steam.-This portion was recovered, by the method already described, by ether ex- 
traction of the mixture remaining in the distilling flask after subjecting to steam dis- 
tillation that sample of exposed citronellal (Run A) used above for the determination of 
volatile non-aldehydic constituents. The viscous yellow oil (62.1%) left after the 
evaporation of the dried ether could not be distilled without decomposition. After be- 
ing kept in an evacuated desiccator for several weeks, to remove all traces of ether or 
moisture, it was analyzed and its molecular weight determined. 

Anal. Calcd. for (CI~HI~O)~:  C, 77.92; H, 11.69. Found: C ,  78.23; H, 11.50. 
Mol. wt. found. 466.7 and 460.8; calcd. for CsoHraOs, 462.4. 

These results lead to the conclusion that the product was a trimolecular polymer of 
citronellal. 

Examination of the curve plotted from Run A discloses some irregu- 
larity and flattening in the middle region, and it was to learn more about 
this that Run B was carried out and the content of volatile non-aldehydic 
and of non-volatile material determined after 50 and after 118 hours' 
exposure (see Table 11). These results indicate a condition approaching 

TABLE I 
EXPERIMENTAL RESULTS 

Citronella1,lo n 2  1.4461 I~opulegol,~~ n: 1.47292 
Run A Run A Run B Run C 

Total hours ng Total hours Total hours 
exposed exposed exposed hours nz exposed 

0 1.44991 88 1.46566 6 .5  1.45031 20 1.45271 
8 . 5  1.44981 99 1.46763 16.5 1.45151 40 1.45441 

18 1.45091 109 1.46862 26 1.45281 
21.5 1.45101 120 1.47009 33 1.45371 
28 1.45291 129.5 1.47107 50 1.45561 
38 1.45571 139 1.47205 63 1.45711 
48 1.45761 148.5 1.47312 75 . 1.45811 
55 1.46199 160.5 1.47362 87 1.45921 
62 1.46347 167.5 1.47470 100 1 .46283 
76 1.46497 177.5 1.47523 118 1.46318 

Tiemann and Schmidt, Ber., 32, 3257 (1899). 
(a) Harries and Roeder, ibid., 32,3371 (1899); (b) Wallach, Ann., 365,252 (1909). 

lo Tiemam, Ber., 32,818 (1899). 
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TABLE XI 
RESULTS OF EXPERIMENTS 

---Volatile nou-alilehydic --- 
Total hours Nan-volatile, nzs 

Run of exposure % % D 

0 0.4 8.3 1.46387 
C 20 12 18.7 1.46852 
C 40 20 28.1 1.47051 
B 50 34.4 32.1 1.46783 
B 118 34.4 34.4 1 .4693 1 (n2,6) 
A 177.5 62.1 27.9 1.47078 

The refractive index of the volatile non-aldehydic portion was determined on the 
distilled oil in Run A, but on the undistilled material from Runs B and C. 

equilibrium in this region. The variation in the refractive index during 
this period of temporary equilibrium may be due to a change in the char- 
acter of this non-volatile material, rather than in its total amount, after 
which change the curve resumes its normal course. Similarly, the fall 
in volatile non-aldehydic ingredients after 118 hours' exposure is be- 
lieved to be due to polymerization of the isopulegol. 

The Action of Ultraviolet Light upon the En01 Acetate of Citronella1.- 
This was prepared by the method of ~ e m r n l e r ~ ~  and showed the following 
constants: b. p. (10 mm.) 110-115°, dZ0 0.9068, n: 1.44801. 

Fifteen grams of this acetate was placed in the quartz box, the remain- 
ing space in the box being filled with dry carbon dioxide, and was exposed 
to the ultraviolet light, the changes produced in the en01 acetate being 
followed by determining the changes in its density. The results are pre- 
sented in Table 111. 

TABLE I11 
EXPERIMENTAL DATA 

Total hours exposed d*o 

0 0.9068 Citronella1 en01 acetate,*' dm 0.902, .. 
4 ,9078 nD 1.45762. Isopulegol acetate," 

16 .9102 dzo 0.925, nn 1.459 
26 .9122 
38 .9236 
46 .9238 

Upon the conclusion of this exposure, 14 g. of the exposed en01 acetate 
was repeatedly distilled under diminished pressure. On the sixth dis- 
tillation, the following fractions were collected. 

Fraction B. p. at 10 mm., "C. Amt., g. dzo ng 

1 9D-105 1.5 0.9168 1.45541 
2 105-107 7 .9278 1.45691 
3 107-125 3 . 9054 1.45341 

There remained in the distilling flask only a small quantity of viscous oil. 
Fraction 1 was not examined, but its high density would indicate that  

it was composed chiefly of isopulegol acetate. 
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Fraction 2 was analyzed with the following results. 
Anal. Calcd. for CI~HBO*: C, 73.47; H, 10.20. Found: C, 73.0; H, 10.14. 

These analytical figures, taken together with the density and refrac- 
tive index of this fraction, supported the conclusion that it was mainly 
isopulegol acetate. It (4 g.) was therefore saponified by an alcoholic 
potassium hydroxide solution and the mixture distilled with steam. The 
volatile oil was extracted from the distillate with ether, the ether evapo- 
rated and the residual isopulegol oxidized by dichromate and sulfuric acid to 
the isopulegone, whose semicarbazone was prepared and melted at 183' 
(uncorr.). This product, when mixed with the inactive isopulegone semi- 
carbazone obtained from citronella1 itself, as already reported, showed 
no change in melting point. 

Fraction 3 contained unchanged en01 acetate. 

Summary 
1. Citronella1 can be changed to isopulegol by the action of ultra- 

violet light, a fact which is of considerable significance to phytochemistry 
as well as to botany. 

2. The mechanism of the reaction is believed to consist first in the 
rearrangement of the aldehyde into its en01 formation, which then closes 
t o  the cyclic isopulegol, since it is shown that citronellal en01 acetate 
also can be converted into isopulegol acetate by ultraviolet light. 

NEW YORK, N. Y. 

STEREOCHEMISTRY OF DIPHENYLBENZENES. PREPARATION 
OF STEREOISOMERIC 3,6-DI-(2,4-DIMETHYLPHENn)-2,5- 

DIBROMOHYDROQUINONES AND THEIR DERIVATIVES. IX1 

In  a recent article3 on the isomerism of diphenyl compounds it was 
pointed out that interesting possibilities for stereoisomerism existed in 
diphenylbenzene derivatives if the same conditions were found in these 
latter molecules that produced isomerism in diphenyl derivatives. Thus. 
for example, in a molecule of type (I) in which each of the two end benzene 
rings are asymmetric in themselves and similar to each other, meso and 
racemic modifications should exist. The meso form is of peculiar interest 

For article No. VIII in this series see Stanley and Adams, THIS JOURNAL, 52, 
November, 1930. 

8 This communication is the abstract of a thesis submitted by E. Browning in 
partial fulfilment of the requirements for the degree of Doctor of Philosophy in Chem- 
istry at the University of Illinois. 

a Stanley and Adams. Rec. trav. chim., 48,1035 (1929). 
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in that it contains a point of symmetry in distinction to a plane of sym- 
metry found usually. If, on the other hand, the two end rings are dis- 
similar to each other (II), but still asymmetric in themselves, two racemic 
modifications should be possible. A third even more interesting type is 

I11 

that found in a formula of type (111) in which optical isomerism is not 
possible of existence but cis-trans isomers should occur whether the two 
end rings are similar or dissimilar, provided each is asymmetric in itself. 

Investigations on these compounds are now under way in this Laboratory 
and the preliminary results are being presented in this communication on 
the study of compounds of type (I). In a recent article, Kogl and Erx- 
leben,' who, apparently, had not read the communication from this Labora- 
tory which contained a discussion of diphenylbenzene isomerism and a 
statement of the intention to undertake here a study of this problem ex- 
perimentally, announced that they are planning to work on the resolution 
of terphenyl derivatives. The authors of this article, as they have es- 
tablished priority, desire to reserve this field for the next few years or until 
such a time, a t  least, as the predictions set forth by them in the article 
mentioned may be verified or disproved. 

The specific compound which has been selected for study in this initial 
investigation is a derivative of 3,6-di-(2,4-dimethylpheny1)-hydroquinone 
(IV). This latter substance can, fortunately, be obtained with readiness 
following the general procedure of P~mmerer.~ A 50% yield of product 
was obtained by condensation of m-xylene with 9-benzoquinone. This 
substance in itself has only two ortho substituents in each set of four posi- 
tions existing adjacent to the linkages between the benzene rings. Past 
experience has shown that a t  least three groups are necessary in the ad- 
jacent positions before free rotation between the benzene rings is prevented. 
The compound, however, lends itself well to the satisfying of such condi- 
tions by the formation of a derivative which has these properties. Upon 
bromination with two moles of bromine in chloroform as a solvent, there is 
obtained a reaction mixture which, after reduction to remove traces of 
quinones which have been formed simultaneously, is found to contain 
two dibromo derivatives. That these two substances actually represent 

4 Kogl and Erxleben, Ann., 479, 17, footnote (1930). 
6 Pummerer and Huppmann, Ber., 60, 1445 (1927). 



4100 E. BROWNING AND ROGER ADAMS Vol. 52 

the meso (V) and the racemic (VI) modifications of 3,6-di-(2,4-dimethyl- 
phenyl)-2,5-dibromol~ydroquinone has been quite definitely established. 

The two substances thus obtained differ from each other quite widely in 
melting point, 190-191 and 236-237'. Mixed melting points where less 
than 10yo of the high-melting form is present, show values lower than the 
lower melting. The two compounds have a different solubility in various 
solvents. 

Each of the two dibromohydroquinones can be acetylated to give its own 
perfectly stable characteristic diacetate (VII and VIII), and each of the 
diacetates can, in turn, be nitrated to the corresponding individual tetra- 
nitro compound (IX and X) . 

That the substances are actually stereoisomers and not simple isomers 
due to  different positions of the two bromine atoms in each of the mole- 
cules, was proved in more than one way. Each of the two dibromohydro- 
quinones could be oxidized to give the same dibromoquinone (XI). It 
would thus appear either that diphenyl isomerism cannot exist in the 
molecule when the quinone ring is present, or that, if it does exist, one form 
is so much more stable than the other that only one isomer of the corre- 
sponding quinones is actually isolated. 

It is of interest to apply calculations based on x-ray data to this quinone 
in order to determine whether interference might be expected. If the 
assumptions are made that the internuclear distance between the linked 
carbon atoms of the benzene ring and the quinone ring is essentially the 
same as the distance between the linked carbon atoms of the two rings in 
diphenyl, and that the angles in the quinone ring are the same as in benzene, 
then the sum of the x-ray values for the -0 and the C-CHB should 
indicate the possibility or impossibility of res~lution.~ If the C-CH3 is 
1.73 A. and the -0 value is 1.15 A. (merely the volume of the oxygen atom 
is taken here), and from their sum, 2.88 A., the value 2.90 A. (the distance 
between the linked carbon atoms in diphenyl) is subtracted, there is ob- 
tained a value of -0.02 A. Thus the quinone oxygen and the methyl 
group of the benzene ring may be assumed not to collide and free rotation 
of the rings should be possible. Regardless of the proper explanation, the 
fact that identically the same compound is obtained by the oxidation of 
these two quite different hydroquinones, demonstrates quite positively the 
stereoisomeric nature of the two products. 

Further evidence that these two dibromo compounds are of the type 
presented, and that both bromines are ortho to the hydroxyls in each 
molecule, was obtained. (1) The dibromoquinone (XI) from oxidation of 
either of the two pure hydroquinones gives upon reduction always a mixture 
of the high- and low-melting hydroquinones (V and VI). (2) The 3,6-di- 
(2,4-dimethylpheny1)-quinone (XII) from the oxidation of 3,6-di-(2,4- 

Stanley and Adams, THIS JOURNAL, 52, 1200 (1930). 
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dimethylpheny1)hydroquinone (IV) can be bromiaated in chloroform to 
give the same dibromoquinone (XI) that is obtained by oxidation of the 
dibromohydroquinones. 

n 

R 

(3) Each of the two dibromohydroquinones (V and VI) is oxidized by 
means of strong sodium hydroxide solution and hydrogen peroxide, pre- 
sumably with the primary formation of the corresponding quinone which is 
then oxidized further to a benzene derivative. The final compound ob- 
tained in each case is 2,4-dimethylbenzoic acid (XIII). Unfortunately the 
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yields are lower than might be desired (about one mole per mole of original 
hydroquinone, whereas, theoretically, two moles are possible). However, 
in an oxidation of this sort i t  is not to be unexpected that a quantitative 
yield of product is not obtained. It is pertinent, however, that the di- 
methylbenzoic acid which is produced is essentially pure as i t  comes from 
the  reaction mixture and this is true in the oxidation of each of the two 
isomeric substances. If either of the two compounds had one or more 
bromine atoms in either of the two end rings, i t  is extremely likely that the 
corresponding bromodimethylbenzoic acid would appear in the reaction 
product, at least to an extent which would contaminate the dimethyl- 
benzoic acid. 

(4) By heating the lower-melting dibromohydroquinone (m. p. 190-191') 
t o  a temperature 30' above its melting point and holding it there for several 
hours, a reaction product results which contains a proportion of the higher- 
melting compound. 

Whether the higher-melting dibromohydroquinone is the meso or the 
racemic modification has not as yet been determined. It should be possible 
t o  introduce a salt-forming group into the molecule and then through a 
study of the resolution characterize each substance. 

Experimental Part 
3,6-Di-(2,4-dimethylpheny1)-hydroquinone-n a 1-liter, three-necked, round- 

bottomed flask equipped with a thermometer and very efficient stirrer was placed 375 
cc. of m-xylene of b. p. 138-139'. The m-xylene was cooled to 5' and 140 g. of alumi- 
num chloride added with stirring, after which 70 g. of pure, dry, powdered benzoqui- 
none (purified by steam distilling crude product and then drying over phosphorus pen- 
toxide) was added in portions of about 0.5 g. The reaction mixture immediately turned 
dark brown and gradually became so viscous that stirring was difficult. In order to 
insure rapid mixing of the solid quinone it was added at  such a rate that most of it had 
been incorporated before the mixture became thick (about forty-five minutes). Effi- 
cient cooling to keep the temperature below 20' is necessary since above this point 
the  formation of tar seems to be considerably increased. After the addition the stirring 
was continued for two hours and the dark brown reaction mixture allowed to stand 
overnight in the refrigerator. I t  was then poured with vigorous stirring into a mixture 
of 100 cc. of concentrated hydrochloric acid and 400 cc. of water. The decomposition 
of the aluminum chloride complex was somewhat slow and the mixture was stirred until 
the  solid which separated was dark gray in color and the excess of m-xylene had separated 
in a definite layer. The solid was filtered by suction and dried in a vacuum desiccator 
over phosphorus pentoxide. The dark gray powdery product was dissolved in benzene. 
boiled for one hour with decolorizing charcoal and filtered. Upon cooling with ice the 
product separated as an amorphous powder which, upon recrystallization from benzene, 
came down in white microscopic needles. The yield was 30 g. (43.7% of the theoretical) 
of a product melting at  188-189 O. 

Anal. Calcd. for CezH2202: C, 82.97; H, 6.97. Found: C, 82.70; H, 6.76. 
Stereoisomeric 3,6-Di-(2,4-dimethylphenyl)-2,5-dibromohydroquinones.-In a 

200-cc., three-necked, round-bottomed flask fitted with a dropping funnel, mercury-sealed 
stirrer and condenser with a trap for hydrogen bromide fumes were placed 13 g. (0.04 
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mole) of 3,6-di-(2.4-dimethylpheny1)-hydroquinon and 150 cc. of chloroform. The 
flask was warmed until the solid was completely dissolved, and the solution was then 
cooled to 40-50'. To this solution was added slowly with stirring 13 g. (0.08 mole) of 
bromine dissolved in 30 g. of chloroform (30% solution). The rate of addition was con- 
trolled so that the bromine was absorbed almost as rapidly as it entered the reaction mix- 
ture. After about three-fourths of the bromine had been added the temperature was 
raised to 70' to increase the rate of reaction. At this temperature fumes of hydrogen 
bromide were evolved for the first time; in experiments in which the entire bromination 
was carried out at  70°, however, the evolution of hydrogen bromide was continuous 
throughout the entire procedure. 

The chloroform and slight amount of unreacted bromine were removed a t  once by 
distilling from a steam-bath under reduced pressure, adding more chloroform as required 
until the distilIate was no longer colored with bromine. The chloroform was then dis- 
tilled completely and to the dry, slightly yellow reaction product (amounting t o  16-18 g.) 
was added 100 cc. of ethyl alcohol. If the bromination was properly controlled, the color 
was only slightly yellow (due to the presence of 3.6-di-(2.4-dimethylpheny1)-2,5-di- 
bromoquinone from oxidation of the hydroquinone). To the alcohol containing the 
partially dissolved product was added a few drops of hydrochloric acid and the minimum 
amount of stannous chloride required to decolorize the product. It is highly desirable 
to control the rate of addition of the bromine as indicated previously in the procedure 
so as to avoid oxidation and the use of stannous chloride as far as possible, since the 
latter seems to make the subsequent separation and purification of the two compounds 
in the product more difficult. The total yield of bromination product before crys- 
tallization was 16 g. (82% of the theoretical). 

High-Melting Modification. a-Form.-The ethyl alcohol containing the partially 
dissolved bromination product and stannous chloride was boiled until completely 
decolorized, cooled somewhat and filtered by suction. The residue was recrystallized 
from acetone until it reached a constant melting point a t  236-237'. The yield was 6 g. 
of white hexagonal prisms. 

Anal. (Parr Bomb) Calcd. for C~HsoOzBrz: Br. 33.61. Found: Br, 33.5. 
Low-Melting Modification. B-Form.-The filtrate from the ethyl alcohol treat- 

ment of the bromination product of 3,6-di-(2,4-dimethylpheny1)-hydroquinone was 
cooled in an ice-bath for about two hours, during which time a small quantity of white 
crystals separated. This was filtered and 1.5 g. of a product was obtained melting 
without recrystallization a t  130-131 ' which proved to be the high-melting modification 
contaminated with a small amount of the low-melting compound. The Gltrate was 
evaporated to dryness a t  room temperature under reduced pressure. The slightly 
yellow product was recrystallized from acetone. Repeated crystallization from both 
acetone and methyl alcohol gave a product having a constant melting point of 190-191 ". 
The yield was 4 g. of white tetragonal prisms. 

Awl .  Calcd. for CtaHeo0,Brp.: Br, 33.61. Found: Br, 33.5. 
The melting of a mixture of 5% 236-237' compound with 95% 190-191 ' compound 

showed softening at  181" and melting at  154-189 '. 
The solubility of the low- and high-melting compounds is markedly different. The 

compound melting a t  236-237' is only slightly soluble in hot ethyl alcohol while the com- 
pound melting a t  190-191' can be induced to crystallize from its solution in ethyl 
alcohol only by evaporation and cooling. A difference, though not so great, is found in 
methyl alcohol and acetone. 

The successful isolation of the high- and low-melting compounds in the pure state 
depends upon the initial separation by the use of ethyl alcohol as described in t he  above 
procedure. If too much alcohol is used, the low-melting compound is contaminated 
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with the high-melting product and is purified by subsequent recrystallization only with 
great dficulty and loss of material in the filtrates. If too little alcohol is used the 
high-melting compound will be contaminated with the other form, but this product is 
more easily purified, a t  least to a point a few degrees below the correct melting point. 

One attempt was made to carry out a fractional crystallization of the crude bromina- 
tion product using methyl alcohol as the solvent and omitting the preliminary separation 
with ethyl alcohol. The different fractions obtained after several crystallizations seemed 
from their melting points to be mixtures of various proportions of the more and less 
soluble modifications. 

3,6-Di-(2,4-dimethylphenyl)-2,5-dibromohydroquinone Diacetate. a-Form. A. 
(Derivative of Hydroquinone Melting at 236-237O.)--Six grams of 3.6-di-(2,4-dimethyl- 
pheny1)-2,5-dibromohydroquinone was dissolved in 10 cc. of hot pyridine and 12 cc. of 
acetic anhydride added with stirring. The solution was heated almost to boiling for 
fifteen minutes, after which time the acetyl derivative began to separate from the hot 
solution. The reaction mixture was cooled with ice and allowed to stand for several 
hours, after which the product was filtered, recrystallized from acetic anhydride and left 
in a vacuum desiccator until the odor of acetic anhydride could no longer be detected. 
The yield was 6 g. of hard, white, orthorhombic crystals melting a t  235-236'. Only 
a small amount of additional material was obtained by pouring the original pyridine- 
acetic anhydride filtrate into water. This acetyl derivative is only slightly soluble in 
hot acetone. 

Anal. Calcd. for CpaHp40aBrz: Br, 28.57. Found: Br, 28.29. 
3,6-Di-(2,edimethyl-3,5-dinitrophenyl)-2,54bromohydroquinone Diacetate. a- 

Form.-To 40 cc. of fuming nitric acid (sp. gr. 1.48) coaled below -5" was addedslowly 
with very rapid stirring 6 g. of the powdered diacetyl derivative just previously de- 
scribed and melting a t  235-236'. A red coloration appeared momentarily as the solid 
came in contact with the acid but disappeared as the compound went into solution. 
After standing in the freezing mixture for 15 minutes a solid began to separate, and after 
one hour the nitration mixture was poured into ice water. The nitro derivative was 
filtered, washed free of acid with a 5% sodium carbonate solution, followed by water 
and dried. The product was washed with acetone until pure white and melted a t  
304-305' after drying. Crystallization from acetic anhydride yielded 4.8 g. of white 
needles melting sharply at  305-306' (decomposed after melting, with evolution of gas 
bubbles). 

AnaE. (Parr Bomb) Calcd. for C2sHzoOlpNdBrz: Br, 21.62. Found: Br, 21.78. 
3,6-Di-(2,4-dimethylpheny1)-2,s-dibromohyoqoe Diacetate. 8-Fonn. B. 

(Derivative of Hydroquinone Melting at  190-191 '.)-The acetylation was carried out 
in the same way as for the acetylation of the high-melting hydroquinone using 4 g. of the 
substituted hydroquinone, 5 cc. of pyridine and 8 cc. of acetic anhydride. The acetyl 
derivative did not separate from the hot solution as in the previous case, but came out 
on cooling in an ice-salt mixture. I t  was allowed to stand overnight and the white 
powdery product filtered by suction. The amount thus obtained was 3.5 g. and 1 g. 
additional by pouring the filtrate into water. The product was readily soluble in acetone 
as contrasted with the preceding diacetyl derivative, and upon recrystallization from 
this solvent yielded 3 g. of white microscopic needles melting a t  193-194' (with pre- 
vious softening). A mixed melting point with the starting material showed a depression 
and melted over a range of 160-165". 

Anal. Calcd. for CznHp404Brt: Br, 28.57. Found: Br. 28.42. 
3,6-Di-(2,Cdimethyl-3,5-dinitrophenyl)-2,5-bromohyoquinone Diacetate. B- 

Form.-The nitration of the diacetate just described was carried out as in the case of 
the higher-melting diacetate using 2 g. of the diacetyl derivative and 20 cc. of fuming 
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nitric acid. The product in this case did not precipitate from the cold nitration mix- 
ture even after long standing, and i t  was found more satisfactory to pour the solution 
immediately into ice water in order to avoid excessive formation of a lemon-yellow by- 
product, presumably formed by hydrolysis of the acetyl groups, followed by oxidation. 
Recrystallization from acetone yielded 0.4 g. of microscopic white needles melting a t  
282-283 ' with slight decomposition and evolution of gas. 

Anal. Calcd. for CzsHzoOlzN,Br~: Br, 21.62. Found: Br, 21.43. 
3,6-Di-(2,4-dimethylphenyl)-2,5-dibromoquinone.-Oxidation of the substituted 

hydroquinones to the corresponding quinones was carried out most readily by the 
method of P~mmere r ,~  using benzoquinone as the oxidizing agwt. 

One gram of 3,6-di-(2,4-dimethylphenyl)-2,5-dibromohydroquinone was dissolved 
in the minimum amount of hot methyl alcohol and 0.1 g. of benzoquinone added. The 
solution turned orange almost a t  once, and was boiled for ten minutes, during which 
time the less soluble substituted quinone began to precipitate. Another 0.1-g. portion 
of benzoquinone was added, the reaction mixture boiled for ten minutes and then cooled 
with ice. The product was atered, recrystallized from methyl alcohol and dried in a 
vacuum desiccator; yield, 0.7 g. of microscopic orange needles melting a t  197-198'. 

Anal. Calcd. for CzzHtsOzBra: Br, 33.75. Found: Br, 33.60. 
One gram of 3,6-di-(2,4-dimethylphenyl)-2,5-dibromohydroquinone (m. p. 236- 

237') was oxidized as in the preceding experiment, and yielded 0.8 g. of orange needles 
melting a t  19S0 after one recrystallization from methyl alcohol. Repeated crystalliza- 
tion failed to raise the melting point. 

A mixed melting point of the quinones obtained from the 190-191 and 236-237' 
compounds showed no depression. 

3,6-Di-(2,4-dimethyIpheny1)-quinone and 3,6-Di-(2,4-dimethylpheny1)-2,5-dibro- 
moquine.-3,6-Di-(2,4-dimethylpheny1)-quie was prepared from the corresponding 
hydroquinone by the oxidation procedure given in the preceding experiment. The 
product, after crystallization from methyl alcohol, from 2 g. of hydroquinone was 1.8 
g. of reddish-brown crystals melting a t  180'. 

The 1.8 g. of 3,6-di-(2,4-dimethylpheny1)-quinone was dissolved in 50 cc. of chloro- 
form and a 30% solution of 2 g. of bromine in chloroform was added slowly with stirring 
a t  room temperature. The bromine was absorbed instantly but no hydrogen bromide 
was evolved until the solution was warmed. The chloroform was distilled, leaving 4 g. 
of an orange, crystalline product. Upon dissolving the material in methyl alcohol i t  
was observed that some white crystalline substance was present, possibly some substi- 
tuted hydroquinone formed by the addition of hydrogen bromide to the quinone. The 
solution was, therefore, treated with benzoquinone and boiled, after which an  orange 
product separated which resembled in appearance the dibromoquinones previously pre- 
pared. After repeated crystallization from methyl alcohol, there was obtained 2 g. of 
an orange product melting sharply a t  198'. A mixed melting point with 3,6-di-(2,4- 
dimethylpheny1)-2,5-dibromoquinone prepared by the other method described showed 
no depression. 

Reduction of 3,6-Di-(2,4-dimethylpheny1)-2,s-dibromoqoe-A solution of 
3.8 g. of 3,6-di-(2,4-dimethylpheny1)-2,5-dibromoqnone in acetone was reduced by 
means of 1.5 g. of stannous chloride and 2 cc. of concentrated hydrochloric acid. De- 
colorization of the orange solution was almost immediate after slight warming. The 
solution was poured into four times its amount of water and the precipitated reduction 
product filtered, washed several times with water and dried. To the product was added 
40 cc. of ethyl alcohol; the mixture was heated for five minutes and filtered while warm. 
The insoluble part amounting to 1.2 g. was recrystallized from acetone t o  constant 
melting point and yielded 1.1 g. of a compound melting a t  236-237'. The filtrate was 
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cooled and permitted to stand for one hour, after which the crystals that had separated 
were filtered. Four-tenths of a gram of high-melting compound contaminated with some 
of the low-melting modification was thus obtained. I t  melted a t  230-232' (softens a t  
225 O). The acetone filtrate was evaporated to dryness a t  ordinary temperature and under 
reduced pressure and yielded 1.3 g. of substance melting a t  190-192" (softens at  187'). 
This, after recrystallization from acetone, yielded 0.8 g. of a compound melting con- 
stantly a t  190-191'. The compounds have also been purified in other experiments by 
crystallization from methyl alcohol. 

Stability to Heat of 3,6-Di-(2,4-dimethylphenyl)-2,5-dibromohydroquinone, m. p. 
190-191 '.-In a small bomb tube was placed one gram of 3'6-di-(2,4-dimethylpheny1)- 
2,5-dibromohydroquinont! (m. p. 190-191") and the tube evacuated to 10 mm. The 
tube was then filled with nitrogen, again evacuated and the process repeated several 
times to insure complete removal of oxygen. The bomb tube was then sealed off while 
filled with nitrogen and immersed in an oil-bath a t  220°, whereupon the substance 
melted to a dear liquid. After one hour (longer heating is not possible because of de- 
composition) the tube was allowed to cool to room temperature, after which it was 
opened and the white solidified product heated with 15 cc. of ethyl alcohol. The residue 
insoluble in alcohol was filtered and crystallized from acetone. There was thus ob- 
tained 0.05 g. of ahite crystals melting a t  235-236". A mixed melting point with the 
high-melting modification showed no depression. 

Oxidation of 3,6-Di-(2,4-dimethylpheny1)-2,s-dibromoquinone to 2,4-Dimethyl- 
benzoic Acid.-One gram of 3,6-di-(2,4-dimethylpheny1)-2,5-dibromoquinone was sus- 
pended in 50 cc. of 20% sodium hydroxide solution and 25 cc. of 30% hydrogen peroxide 
added with stirring. The quinone gradually dissolved and the original deep red color 
of the solution changed to pink in the course of six hours. The addition of 25 cc. more 
of hydrogen peroxide and longer stirring failed to effect further change. The solution, 
in which the odor characteristic of aromatic aldehydes was noticeable, was acidified 
and the yellow solid which precipitated was filtered and dried. It was redissolved in 
very dilute sodium hydroxide and the pink color reappeared. Upon addition of 10 cc. of 
hydrogen peroxide to this faintly alkaline solution, a vigorous reaction occurred and the 
solution became decolorized in a few minutes. Acidification with hydrochloric acid 
caused the precipitation of a fairly white product. This was extracted with ether, 
the  ether solution shaken out with a saturated sodium bicarbonate solution, and this 
alkaline solution acidified with hydrochloric acid. The product precipitated and was 
filtered and recrystallized from dilute ethyl alcohol. The yield was 0.2 g. of a com- 
pound melting sharply a t  125-126'. A mixed melting point with 2,4-dimethylbenzoic 
acid showed no depression. 

Neut. Equiv. Subs., 0.0788 g.: 0.1015 N NaOH, 5.07 cc. Calcd. for CsHgC00H: 
mol. wt., 150. Found: mol. wt. 153. 

Oxidation of 3,6-Di-(2,4-dimethylpheny1)-2,s-dibromohyoqone (m. p. 190- 
191 ") to 2,4Dimethylbenzoic Acid.-The oxidation was carried out in the same way as 
in the preceding experiment using 0.25 g. of the substituted hydroquinone, 30 cc. of 
2001, sodium hydroxide and 25 cc. of 30% hydrogen peroxide. The yield after the 
various extractions and purification was 0.06 g. (i. e., 0.7 mole of acid from 1 mole of the 
compound) of 2,4-dimethylbenzoic acid melting a t  12.5-126'. 

Oxidation of 3,6-Di-(2,4-dimethylpheny1)-2,s-dibromohyoquone (m. p. 236- 
237") to 2,4-Dimethylbenzoic Acid.-The oxidation was accomplished as before, using 
0.47 g. of substance, 50 cc. of 20% sodium hydroxide solution, and 50 cc. of 30% hydro- 
gen peroxide. The 2,4-dimethylbenzoic acid was isolated and purified as before, and 
amounted to 0.13 g. (0.8 mole of acid from 1 mole of substance). The melting poht 
was 125-126°. 
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summary 
1. TWO stereoisomeric 3,fj-di-(2,4-dimethylpheny1)-2,s-dibromodihy- 

droquinones and some derivatives have been prepared. 
2. These substances are the racemic and the meso modifications of a 

molecule of the following type 

3. It may be concluded that the same conditions which cause optical 
isomerism in the diphenyl series also exist in the terphenyl series. 

URBANA, ILLINOIS - 
[CONTRIBUTION FROM THE EXPERIMENTAL RESEARCH LABORATORIES, BURROUGES 

WELLCOME AND COMPANY] 

MIXED BENZOINS. I1 
BY JOHANNES S. BUCK AND WALTER S. IDE 

RECEIVED JULY 26, 1930 PUBLISHLW OCTOBER 6, 1930 

In continuation of the work described in Part 111 six new benzoins, 
together with their benzils and desoxy compounds have been prepared. 
The work described cannot be said to support, or detract from, the theo- 
retical conclusions advanced in Part I, as data on the reactivity of the 
aldehydes are lacking. The benzoins described in the present paper were 
all prepared in the usual manner, by mixing the reactants and refluxing, 
as it was found that the technique earlier described gave little, if any, 
better yields in the present cases. The results described in Part I and 
Part I1 represent the best that can be obtained by fractionation methods, 
and it is evident that further knowledge can only be attained by complete 
analysis of the reaction mixtures. It is hoped to carry this out in some 
cases. 

Attention was given to the possibility of the occurrence of isomeric 
mixed benzoins, but no examples were found. Their occurrence, however, 
is not excluded, as in general only about one-half of the reactants was 
accounted for. The mixed benzoins described are very probably individu- 
als and not mixtures or addition compounds, as in each case only one desoxy 
compound was obtained on reduction. 

The mixed benzoins described are not specifically named, as i t  is not 
possible to assign either of the two alternative structures with any degree 
of probability, 

Experimental 
Benzoin from p-Dimethylaminobenzaldehyde and Anisaldehyde, (A) .Seven 

and one-half grams of p-dimethylaminobenzaldehyde, and 7.0 g. sf anisaldeh~de~ dis- 

1 Buck and Ide, THIS JOURNAL, 52,220 (1930). 
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solved in 50 cc. of 50% alcohol, were refluxed for two and one-half hours with 4.0 g. of 
potassium cyanide. The product, recrystallized from alcohol, forms wliite flakes, 
moderately soluble in alcohol and very soluble in ether, benzene and ligroin; yield 52%. 
The product melts a t  144' (uncorr.). 

Anal. Calcd. for C17H1903N: N, 4.91. Found: N, 4.67. 
Benzoin from fi-Chlorobenzaldehyde and Piperonal, (B).-This benzoin was pre- 

pared by refluxing a solution of 3.5 g of p-chlorobenzaldehyde, 3.8 g. of piperonal and 
5.0 g. of potassium cyanide in 50 cc. of 50% alcohol for two hours. The yield was 
40y0. On recrystallization from alcohol the compound forms yellow needles melting 
a t  110' (uncorr.). It is moderately soluble in alcohol, very soluble in ether and chloro- 
form and slightly soluble in benzene and ligroin. 

Anal. Calcd. for C16H1104C1: C, 61.95; H, 3.79. Found: C, 61.81; H, 3.68. 
Benzoin from o-Chlorobenzaldehyde and Anisaldehyde, (C).Seven grams of 

o-chlorobenzaldehyde, 6.8 g. of anisaldehyde and 4.0 g. of potassium cyanide, dissolved 
in 75 cc. of 50% alcohol, were refluxed for two hours. On standing crystals separated. 
After recrystallization from alcohol, the compound forms colorless, hexagonal crystals, 
melting a t  84' (uncorr.). I t  is moderately soluble in alcohol and ligroin and very 
soluble in benzene, ether and chloroform; yield 60%. 

Anal. Calcd. for CtsHlaOaCl: C1, 12 83. Found: C1,12.72. 
Benzoin from o-Chlorobenzaldehyde and Veratric Aldehyde, (D).-A solution 

of 8.3 g. of veratric aldehyde, 7.0 g. of o-chlorobenzaldehyde and 4.0 g. of potassium 
cyanide in 75 cc. of 50% alcohol was refluxed for two and one-half hours. On cooling 
the product crystallized out. After recrystallization from alcohol the compound forms 
fine white needles, melting a t  140' (uncorr.). I t  is moderately soluble in alcohol, 
ligroin and benzene and very soluble in ether and chloroform; yield 70%. 

Anal. Calcd. for CleHibOaC1: C1,11.57. Found: C1, 11.31). 
Benzoin from m-Chlorobenzaldehyde and p-Dimethylaminobenzaldehyde, (E).- 

The compound was prepared by refluxing, for two hours, a solution of 7.0 g. of nz- 
chlorobenzaldehyde, 7.5 g. of p-dimethylaminobenzaldehyde and 4.0 g. of potassium 
cyanide in 75 cc. of 50% alcohol. After recrystallization from alcohol, the benzoin forms 
either large dark brown rhombs, or small yellow rhombs, both forms melting at 140' 
(uncorr.) and showing no depression when mixed. On reduction both gave the same 
desoxy compound. The compound is moderately soluble in benzene, alcohol and ether, 
slightly soluble in ligroin and very soluble in chloroform: yield 45%. 

Anal. Calcd. for CieHis02NCl: C1, 12.24. Found: C1, 11.98. 
Benzoin from m-Bromobenzaldehyde and Anisaldehyde, (F).-Seven grams of 

anisaldehyde, 9.3 g. of m-bromobenzaldehyde and 4.0 g. of potassium cyanide. dissolved 
in 50 cc. of 50% alcohol, were rduxed for two and one-half hours. The oil which sepa- 
rated was crystallized from alcohol. After recrystallization the compound forms yellow 
cubes, melting a t  88' (uncorr.). It is moderately soluble in alcohol, benzene, ether and 
ligroin and very soluble in chloroform: yield 20%. - 

Anal. Calcd. for C~sHlrOsBr: C. 56.04; H, 4.08. Found: C, 55.79; H, 3.91. 
It should be pointed out that in the preparation of some mixed benzoins consider- 

able patience is necessary to induce crystallization of the crude products, prolonged 
exposure of the solutions to temperatures around 0' sometimes being required. The 
authors have obtained clear indications of the formation of a number of other mixed 
benzoins but as yet have not succeeded in isolating sufficient crystalline material to 
justify descriptions of the experiments. 

Benzil Derivatives.-The mixed benzoin (usually 2.0 g. was taken) dissolved in 



kt., 1930 MIXED BENZOINS. 11 

dcohol was oxidized with a slight excess of Fehling's solution and recrystallized from 
alcohol until pure. There is, of course, no ambiguity in the structure. The benzils 
are tabulated in Table I. 

TABLE I 
BENZXL DERIVATIVES 

13e?1- M. p., Yield, Analysis % 
Formula zoln C .  % Appearance Calcd. $ound 

MetNCfiHrCOCOCijHeOMe A 128 85 Yellow hexagons N 4.94 4.79 
p-ClC6H4C0COC6H3O2H2C B 132 78 Fine yellow needles C 62.38 62.24 

H 3.12 2.99 
o-C1CaH4COCOC6H40Me C 104 70 Yellow rhombs Cl 12.92 13.02 
O-C~CBH~COCOC~H~(OM~)~ D 117 85 Yellow rhombs C 63.04 63.00 

H 4.31 4.40 
W~-C~CBHICOCOC~H~NM~~ E 130 90 Slender amber plates C 66.77 66.53 

H 4.91 5.21 
m-BrCfiH4COCOCpH4OMe F 94 88 Fine yellow netdles C 56.42 56.22 

H 3.48 3.62 

M. p., Yield, 
Formula 13enzoin "C. % Appearance 

Analysis, % 
Calcd. 

C H CFoUnd H 

Cl,H1802N A 130 88 White flakes 75.79 7.06 75.50 7.33 
C16H~IOSC1 B 113 80 White needles 65.56 4.01 65.72 4.09 
C16H1504C1 C 96 85 White prisms 69.08 5.03 69.00 4.91 
C16H1603C1 D 110 80 White needles 66.07 5.20 66.44 5.26 
CleHIGONCI E 125 80 White needles 70.18 5.89 69.90 5.99 
C16HlaOzBr F 54 86 Fine white flakes 59.01 4.30 58.82 4.24 

Desoxy Compounds.-These were prepared in general by refluxing 2.0 g. of mixed 
benzoin, 3 cc. of concentrated hydrochloric acid, 10 cc. of alcohol and 2.0 g. of tin with a 
trace of copper sulfate for five to six hours. The product was then crystallized from 
alcohol. The structure naturally depends on that of the parent benzoin and a t  present 
i t  is not possible to decide between the two alternative structures. Only one desoxy 
compound was obtained from each benzoin, indicating that the latter was a definite 
compound, not a mixture of two isomers (see Table 11). 

Summary 

In continuation of previous work, six new mixed benzoins have been 
isolated and their benzils and desoxy compounds prepared. 

TWCIEAIIOE, NEW YORK 
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STUDIES ON POLYMERIZATION AND RING FORMATION. VI. 
ADIPIC ANHYDRIDE 

The anhydrides of succinic and glutaric acids are known and are mono- 
meric rings of five and six atoms, respectively. The monomeric anhydride 
of the next member of the series, adipic acid, is a seven-atom ring, and 
therefore the direct preparation of this anhydride by the removal of water 
from the acid should give a polymolecular product, in accordance with the 
generalizations formulated in the previous papers in this series.' This has 
been found to be the case. We have. also been successful in preparing 
monomeric adipic anhydride for the first time. 

Adipic anhydride has been prepared by Voerman2 and by Farmer and 
Krac~vsk i ,~  both of whom describe i t  as a solid. Voerman prepared the 
compound by treating adipic acid with acetyl chloride, removing volatile 
compounds in vacuo, and finally crystallizing from benzene. He gives a 
melting point of 98'. On the basis of a molecular weight determination in 
phenol, with which, however, we have found it to react, he seemed to 
regard the compound as a monomeric ring. The abnormally high molecu- 
lar weight obtained in boiling acetone, the lack of definite crystallinity, 
and the relatively low solubility of the compound, however, led him to 
consider that i t  might be polymeric. He does not make his viewpoint 
altogether clear, but apparently he regarded the anomalous properties of 
the  compound as due to some sort of association of simple rings and did not 
consider the probability of the existence of a long chain or large ring. 

Farmer and Kracovski state that adipic anhydride is definitely uni- 
molecular and ascribe to i t  a melting point of 97'. This is certainly not 
correct since we have found the monomer to melt a t  a very much lower 
temperature. 

We have prepared adipic anhydride by both of these methods and have 
found that the product before subjection to distillation is polymeric, as 
we had anticipated and Voerman suspected. Polymeric adipic anhydride 
separates from hot benzene as a microcrystalline powder. Samples pre- 
pared in various experiments showed melting points ranging from 70 to 85'. 
This variation and the difference between the melting points of our prod- 
ucts and those of previous investigators may be due to differences in molecu- 

Carothero, THIS JOURNAL, 51, 2548 (1929); Carothers and Arvin, ibid., 51, 
2560 (1929); Carothers and Van Natta, ibid., 52, 314 (1930); Carothers and Dorough, 
ibid., 52, 711 (1930). 

Voerman, Rec. tmv. chijn., 23, 266 (1904). 

R 
Warmer and Kracovski, J. Chem. Soc , 680 (1927). 
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lar size. A nlolecular weight determination in boiling benzene gave a value 
about six times the normal value. This value is probably low as the 
substance is very sensitive to  moisture, and only the ordinary precautions 
were taken to  exclude it. The compound hydrolyzes in boiling water to  
yield the acid and reacts rapidly with aniline and phenol. It is hygroscopic 
and on standing unprotected gradually reverts to the acid. It is not dis- 
tillable as such, but when heated in vacuo to somewhat above 200°, i t  
breaks down and yields the true monomeric adipic anhydride, which 
distils out. 

Monomeric adipic anhydride is a liquid freezing a t  about 20' and boiling 
at about 100' a t  0.1 mm. It reacts with cold water quickly with the 
evolution of much heat to  yield the acid. It reacts almost instantly with 
aniline to give a very high yield of pure monoanilide. On being heated a t  
100' for a few hours, i t  changes to a polymer melting a t  80-85O. On 
standing a t  room temperature for ten days or more, it gradually solidifies. 
It is probable that traces of water bring about the polymerization. When 
a sample of liquid anhydride is transferred to a vessel which has not been 
very carefully dried, an amorphous skin soon coats the glass. 

The reactions of the monomeric and polymeric adipic anhydrides with 
aniline establish the structures of these compounds, the former as a seven- 
membered ring and the latter as a long chain, which may be a large ring or 
an open chain with terminal carboxyl groups. Monomeric anhydride (I), 
which has a symmetrical structure, can react with aniline to  give but one 
product, adipic acid monoanilide (11). This has been verified experi- 

mentally. Polymeric adipic anhydride, to which we may assign formula 
111, on the other hand, is no longer symmetrical as soon as one anhydride 

0 0 

CsH5NH 
monoanilide adipic acid dianilide, etc. 

I11 

group reacts with aniline. The product formed, therefore, depends on 
which side of the oxygen atom the next anhydride group along the chain 
breaks. It will be seen from the scheme above that the reaction of poly- 
meric adipic anhydride with aniline may lead to three products: adipic 
acid, adipic acid monoanilide sad adipic acid dianilide. All of these com- 
pounds have been isolated from the reaction of the polymer with aniline. 
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On the assumption that a random reaction takes place and that the car- 
boxyl groups which are probably at the ends of the chain may be neglected, 
these products should be formed in the proportion of one mole of acid to 
one mole of dianilide to two moles of monoanilide. In a quantitative ex- 
periment a 25% yield of dianilide was obtained. The adipic acid and 
monoanilide formed were not estimated quantitatively. Similarly the 
solid anhydride yields diphenyl adipate on warming with phenol. 

The experiments with aniline show definitely that the solid adipic an- 
hydride is a true condensation polymer in which the structural units are 
held together by primary valence forces. It is presumed that the polymers 
are open chains with carboxyl groups at  the ends as has been demonstrated 
in the case of some of the polymeric ethylene succinate~.~ This view is 
further supported by the presence of adipic acid in the distillate when the 
polymeric anhydride is cracked to form the monomer. 

The writer wishes to thank Dr. W. H. Carothers for his interest and 
advice, and Mr. S. B. Kuykendall for determinations of carbon and 
hydrogen. 

Experimental Part 

Preparation of Polymeric Adipic Anhydride.--One hundred grams of recrystallized 
adipic acid and 300 cc. of redistilled acetic anhydride were refluxed together for four 
t o  six hours, and the volatile constituents were removed in a vacuum a t  100". The 
residue melted at  about 70 ". I t  was repeatedly recrystallized from dry benzene, from 
which it separated as a micro-crystalline powder. Various samples prepared in this 
same way melted a t  temperatures varying from 70 t o  8 5 O .  At temperatures above the 
melting point, all these samples were viscous liquids, which solidified on cooling to waxy 
masses. I n  all experiments moisture was carefully excluded. In  the most careful 
preparation carried out, moisture was excluded by phosphorus pentoxide tubes, the 
residue was heated overnight in an exhausted system which contained caustic potash 
in an adjacent vessel and then recrystallized four times with one filtration in a closed 
system. After each recrystallization the mother liquor was removed by careful de- 
cantation. The product melted at  73-75". The polymeric anhydride melted under 
boiling water and gradually went into solution. On cooling adipic acid crystallized out. 

Anal. Calcd. for (CsHs0s)n: saponification equiv., 64.0. Found: saponification 
equiv., 63.2.63.4. 

Reaction of Polymeric Adipic Anhydride with Aniline.-A sample of polymer pre- 
pared directly from adipic acid and acetic anhydride (m. p. 75") was added to a slight 
excess of aniline and triturated in a mortar. Reaction took place spontaneously with 
the evolution of heat. The mixture was treated with dilute hydrochloric acid and the 
solid precipitate was filtered off. The filtrate was evaporated to dryness and the residue 
was then taken up in a volume of water not quite sufEcient for complete solution, filtered 
and washed. The residue after crystallization from water was identified as adipic acid 
by a mixed melting point determination. The residue from the hydrochloric acid treat- 
ment was boiled with water and filtered. The filtrate deposited needles on cooling, which, 
after recrystallization from water, were identified as adipic acid monoanilide by a mixed 

Carothers and Dorough, THIS JOURNAL, 52, 711 (1930). 



melting point with an authentic sample, The residue insoluble in boiling water, con- 
sisting of adipic acid dianilide, was recrystallized from alcohol; needles, m. p. 240-241 ",& 

This experiment was carried out with various samples of polymeric anhydride: g u d e  
polymer prepared directly from adipic acid and acetic anhydride, recrystallized polymer, 
polymer formed by heating the monomer, and still-residue from distillation of the - - - 
monomer. In every case diiilide was isolated and identified. The experiment with 
the heat polymer was carried out quantitatively and gave a 25% yield of dianilide. 

Anal. Calcd. for ClsHzoOzNn: C, 72.96; H, 6.81. Found: C, 73.31, 73.24; H, 
6.95, 7.12. 

Reaction of Polymeric Adipic Anhydride with Phenol.-Polymeric adipic anhydride 
was warmed with phenol to fusion and poured into cold water. On agitation a white 
solid separated out. This, after two recrystallizations from a mixture of alcohol and 
water (1:1), separated as lustrous plates of m. p. 105.5-106°. The method of prepara- 
tion and the ultimate analysis showed this compound to be diphenyl adipate. 

Anal. Calcd. for C I ~ H I ~ Q ~ :  C, 72.45; H, 6.08. Found: C, 72.63, 72.19; H, 6.07, 
6.29. 

Preparation of Monomeric Adipic Anhydride.-One hundred grams of adipic acid 
and 300 cc. of acetic anhydride were refluxed together for four hours. The acetic acid 
formed in the reaction and the excess acetic anhydride were removed by distillation in a 
vacuum. The residue was transferred to a Claisen flask and heated under vacuum. 
After the removal of the residual acetic anhydride at 0.1 mm. no further distillation took 
place up to 210° bath temperature. At this temperature the pressure rose, and in differ- 
ent experiments from 50 to 60 g. distilled between 105 and 125" under pressure from 
3 to 8 mm., the bath temperature ranging from 210 to 235'. The residue was viscous 
when hot and solidified to a dark colored mass on cooling. The distillate consisted of a 
light pink liquid containing a small amount of crystallime material. The liquid and solid 
phases were separated by centrifuging. The crystalline material was washed with ben- 
zene, recrystallized from ethyl acetate, and identified as adipic acid by a mixed melting 
point determination. The liquid was redistilled in an all-glass apparatus. The boiliig 
point was 98 to 100° a t  0.1 mm. a t  a bath temperature of 117 to 120'. Only about half 
of the material could be recovered by distillation since the residue gradually polymerized. 
Samples of the colorless distillate were sealed in small, carefully dried glass tubes for 
freezing point determinations. The compound froze at  19' to large translucent plates 
and remelted a t  22 ". 

Anal. Calcd. for C~H803: C, 56.25; H, 6.30; mol. wt., 128; saponification equiv., 
64.0. Fou~ld: C, 55.89, 55.98; H, 6.51, 6.52; mol. wt. (in boiling benzene), 134, 131 ; 
saponification equiv., 63.7, 63.6. 

Polymerization of Monomeric Adipic Anhydride.-When monomeric adipic an- 
hydride was transferred to a vessel which had not been carefully dried, a translucent coat- 
ing appeared on the surface of the glass. The coating was amorphous and in places 
skin-like. It melted a t  6M5" .  When the liquid was heated ina  sealed tube a t  100 O, 

it polymerized completely and a maximum melting point of 80-84" was reached in about 
seven hours. On being heated a t  138", a maximum melting point of 81-85" was reached 
in about two hours. In neither experiment did further heating affect the melting point. 

Anal. Calcd. for (C&sOa)n: saponification equiv., 64.0. Found: saponification 
equiv., 63.5,63.3; mol. wt. (in boiling benzene), 860,710. 

6 Bodtker [Ber., 39, 2765, 4003 (1906)l gives 240'; Balbiano [Gazz. clzim. itul., 
32, I ,  446 (1902)l gives 240-241'; Bouveault and Titry [Bull. soc. chim., 131 25, 444 
(1901)] gives 235'. 
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Reaction of Monomeric Adipic Anhydride with Aniline.-One cubic centimeter 
of anhydride was added to about eight cubic centimeters of aniline with stimng. Re- 
action was immediate and much heat was evolved. The excess aniline was dissolved in 
dilute hydrochloric acid. The solution was diluted to 200 cc. and filtered. The crude 
product was dried and weighed; m. p. 152-153 O; yield 80%. The monoanilide of adipic 
acid has previously been prepared by heating CsHsNHCOCH(COOH)(CH~)lCOOH.6 

Recrystallization from water did not raise the melting point. The crude com- 
pound was completely soluble in hot water (absence of dianilide). A similar experiment 
was carried out and worked up in smaller volume; m. p. (crude), 151-153 O; yield, 87%. 

Anal. Calcd. for C12H160aN: C, 65.12; H, 6.80; neutralization equiv., 221. 
Found: C, 64.76,64.86; H, 6.81,7.01; neutralization equiv., 222,223. 

Summary 
The monomeric and polymeric forms of adipic anhydride have been 

prepared, the former for the first time, and they have been shown to be 
mutually interconvertible. The reactions of the compounds with aniline 
have shown the monomer to be a seven-atom ring and the polymer a long 
chain or large ring. Diphenyl adipate is described. 

WILMXNGTON, DELAWARE 

[C~NT~IBUTION FROM THE LABORATORY OF FOODS AND SANITATION, UNIVERSITY OF 

WISCONSIN] 

BRAZIL NUT OIL 

Data pertinent to the composition of the oil in the seeds of the Brazil nut 
tree, Bertholletea excelsa, are few. A statement by Andes1 that this oil 
consists of stearin, palmitin and olein, and several reports by others2 on a 
few of its more common chemical and physical constants appear to repre- 
sent the published information on its chemical composition. 

This oil b d s  a limited use in the arts in this zone but in the country of its 
origin it serves the inhabitants much the same as olive oil does elsewhere, 
that  is, for alimentary purposes, for soapmaking and, to some extent, as a 
fuel for lamps. The nut meats contain approximately 70% of oil, more 
than one-half of which may be removed merely by expression in a hand 
press. 

In  view of the situation which obtains as above noted, and the ambiguity 
surrounding the methods of recovery of the oil used by others, i t  seemed 
worthwhile to re-investigate the chemical and physical characteristics of 

6 Dieckmann, Ann., 317,62 (1901). The melting point given is 152-153". 
1 Andes, "Vegetable Fats and Oils" (translated by Salter), Scott, Greenwood and 

Co.. London, 1902, p. 187. 
De Negri and Fabris, 2. anal. Chem., 33, 563 (1894); De Negri, Chm.-Ztg., 22, 

961 (1898); Merrill, Maine Agr. Expt. Sta. Bull., 65, 111 (19QO); Grimme, A d y s t ,  
36, 21 (1911); Niederstadt, Ber. dezlt. phurm. Ges., 35, 145 (1902). 
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both the expressed product and that recoverable from the residues by 
solvent extraction, and to make an analysis of the latter. The presentation 
of these data is the object of this communication. 

I. Preparation of Materials 

The oil in the meats3 from twelve kg. of fresh Brazil nuts was expressed 
in a small, manual press rather than one of the hydraulic type because i t  
had been demonstrated by experimental trials that a cleaner product and 
one better adapted for chemical analysis without a preliminary refining 
process is obtainable by using this method of recovery. The residual 
meat pulp was then extracted in percolators with low-boiling petroleum 
ether, the final portions of which were in turn removed from the oil in the 
presence of carbon dioxide. A dark brown oil was recovered fro111 which, 
in distinction to that obtained by expression, no glycerides separated when 
stored in the refrigerator (5-lo0). The expressed oil possessed, after fil- 
tration, a pale yellow color and a taste suggestive of the nut itself. 

11. Analysis of Oils 

(a) Chemical and Physical Characteristics.-The more important 
chemical and physical characteristics (Table I) of both the expressed oil 
and that recovered from the residual meat pulp were determined by recog- 

TABLE X 
CHEMICAL AND PHYSICAL CHARACTERISTICS OF BRAZIL NUT OIL 

Expressed oil Residual oil 

Specific gravity 25 O/25' 0.9150 0.9143 
Index of refraction 20" 1.4678 1 .4683 
Titer test . . . 33.3" 
Iodine number (Wijs) 99.92 95.21 
Saponification number 194.0 198.00 
Ester number 193.9 193.8 
Reichert-Meissl number 0.0 0.31 
Polenske number 0.0 0.32 
Free fatty acids (per cent, oleic) 0.006 0 .02  
Acetyl number 12.3 12.3 
Soluble acids (per cent. as butyric) 0.87" 0.56 
Insoluble acids (per cent.) 94.16" 93.88 
Unsaturated acids (per cent.) corrected 73.00 70.10 
Saturated acids (per cent.) corrected 20.29 21.36 
Iodine number of unsaturated acids 129.18 127.92 
Saponification no. of unsaturated acids 199.6 201.2 
Unsaponifiable matter 0.64 0 .68  

" Grateful acknowledgment is made to C. A. Tarnutzer and W. W. F. Enz who de- 
termined the titer test of the residual oil and the soluble and the insoluble acids of the 
expressed oils, respectively. 

8 The average of five determinations of the (ethyl) ether extract of these meats 
was 68.67%. 
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nized procedures.' Separation of the saturated from the unsaturated 
acids was effected by the lead salt-ether method5 after which corrections 
were made6 for the small amount of unsaturated acids contaminating them 
when this procedure is used, and for the unsaponifiable matter accompany- 
ing the insoluble acids. 

Glycerides of fatty acids of low molecular weight are absent, or a t  least 
present in very small amount, a situation pertinent also to sterols and 
hydroxylated compounds. The low acidity suggests the probable absence 
of any very active fat splitting enzymes in the nut. Its iodine number 
assigns this oil to the semi-drying group. 
(b) Unsaturated Acids.-Bromination7 of the unsaturated acids led 

to  the formation of no hexabromide, the derivative of linolenic acid. Ap- 
preciable quantities of the tetrabromide (m. p. 14.5'; Br, 53.58%) of lin- 
oleic acid were obtained. The bromine content (39.73%) of the dibromide 
fraction showed that the latter was contaminated with a small amount of 
the linoleic derivative. Using the former value and the theoretical iodine 
numbers of oleic and linoleic acids, the percentage composition of the whole 
was then calculateds with the following results. 

TABLE 11 

COMPOSITION OF THEC UNSATURATED ACID FRACTION OF THE RESIDUAL OIL 
Add In oil, % Glycerides in oil, % Total," % 
Oleic 51.26 53.57 55.64 
Linoleic 18.84 19.69 21.65 

" This column includes the unsaturated acids present with the saturated. 

The same acids were qualitatively identified, both by bromine content 
and melting point, in the unsaturated fraction of the expressed oil. 

TABLE I11 
RESULTS OF ANALYSIS OF METHYL ESTERS OF THE SATURATED FATTY ACIDS 

Boiling Mean Unsatd. Myristic Palmitic Stearic 
Frac- range, Iodine Sapon. mol. acids, acid, acid, acid, 
tion 3 mm. Wt., g. no. no. wt. g. g. g. g. 

1 145-150 3.52 11.87 213.9 259.34 0.33 1.18 1 .  .. 
2 150-157 25.56 12.42 208.8 266.20 2.48 3.21 18.60 . . 
3 157-165 12.51 19.74 205.6 269.35 1.93 0.36 9.63 . . 
4 165-168 10.58 35.63 197.0 281.55 2.95 . . 4.28 2.85 
5 168-175 8.28 30.66 193.2 289.62 1.99 . . 1.85 4.07 
Res. ... 2.30 59.68 167.2 390.50 1.18 . . . . . . 

.... Total ... ... . . .  . . 4.75 36.20 6.92 

Assodation of Oflicial Agricultural Chemists, "Methods of Analysis," Washiig- 
ton, D. C., 1925,2d ed., pp. 281-285. 

Gusserow, Arch. Apoth.-Vereins nord Teutschland, 27, 153 (1828); Varrentrapp, 
Ann., 25, 197 (1840). 

6 Jamieson, J. Assoc. Oficial Agri. Chem., 11,  303 (1928). 
Eibener and Muggenthaler, Favben-Ztg., 18, 131 (1912). 
Baughman and Jamieson, THIS JOURNAL, 42, 157 (1920). 
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(c) Saturated Acids.-Separation of the methyl esters8 of the  satu- 
rated acids into five fractions whose boiling range was 145 to 175O (3 mm.) 
(Table 111) was followed by the calculation of the mean molecular weight 
of each from saponification and iodine numbers, the latter serving as a 
measure of the degree of contamination by unsaturated acids. These 
values lay between 259.3 and 289.6, indicating the presence of esters in the 
C,, to Cis group. Myristic, palmitic and stearic acids were subsequently 
identified by their melting points. 

These data lead to the following statement of the percentage composition 
of the saturated acid fraction. 

TABLE IV 
COMPOSITION OF THE SATURATED FRACTION OF THE RESIDUAL OIL 

Acid % Percentage in oil Glycerides in oil 

Myristic 7 .94  1.70 1.79 
Palmitic 60.48 12.92 13.55 
Stearic 11.57 2.47 2 .58  

The same fatty acids were qualitatively identified by means of their 
melting points in the corresponding fraction of the expressed oil. 

Summary 

The chemical and physical characteristics of the expressed and the 
residual portions of a specimen of Brazil nut oil have been determined. 
The statement1 that this oil contains stearin, palmitin and olein has been 
confirmed. To this list have been added myristin and linolein. 

The percentage composition of the residual oil was found to be as follows: 
myristin, 1.79; palmitin, 13.55; stearin, 2.58; olein, 55.64; linolein, 21.65; 
unsaponifiable matter, 0.68 ; residues and undetermined, 4.11. 

MADISON, WISCONSIN 

THE ACIDITY OPTIMUM OF YEAST HEXOSEDIPHOSPHATASE1 

The hexosediphosphoric acid ester and the enzyme which splits i t  into 
fructose and phosphoric acid were discovered by Harden and Young. 
It has been shown that the enzyme is present in practically all kinds of 
yeast and also in the Coli bacteria. I t  is present in different organs of 
the animal body, as well as in many higher plants. Although a great 
many papers have dealt with yeast hexosediphosphatases, we have but 
very little information concerning its optimum PH. 

1 The writer's sincere thanks are due to Professor H. v. Euler and to the Stock- 
horns Hogskola for the opportunity to make this study. 
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The PH optima of the zymase group of enzymes have been determined 
by various authors. In  spite of the fact that i t  might be expected that 
the PH optima of these would be in the same acidity range as that of the 
yeast fermentation as a whole the experiments have not supported this 

supposition. Thus the opti- 
mum of the hexosedehydro- 
genase was found to be PH 
8.0-8.5.2 

Euler  and  Nordlund3 

showed that the optimum 
of the synthetic enzyme of 
yeast producing hexosedi- 
phosphoric acid ester is a t  
PH 6.4. Because of the ob- 
vious importance of know- 
ing this point for all en- 
zymes, it has been deter- 
mined for yeast hexosedi- 
phosphatase. 

Experimental 
The sodium salt of hex- 

osediphosphate was made 
from Candiolin b y  t h e  
method of Meyerh~f .~  The 
yeast applied was a dry 
preparat ion of bottom- 

6.0 6.5 7.0 yeast "H" of the St. Erick 
PH . Brewery of Stockholm. 

Fig. 1.-The Pa optimum of hexosediphosphatase. The zymase of the yeast 
was very active. The composition of the reaction mixtures was as follows 

1.6 g. dry yeast 
2 .5  cc. 4% hexosediphosphate 
2 .5  cc. distilled water 
5.0 cc. buffer (citric acid, after S. P. L. Sorensen) 

The PH was determined potentiometrically by the use of hydrogen 
electrodes. The reaction mixtures were kept in a thermostat a t  30'. At 
the beginning and after certain intervals the increase in amount of inor- 
ganic phosphoric acid in the reaction mixture was determined by the 
micro method of Embden.6 

2 H. v. Euler, K. Myrback and R. Nilsson, Ergeb. der Physiol., 26, 547 (1928). 
8 H. v. Euler and F. Nordlund, Z. physiol. Chem., 116, 229 (1921). 
4 Meyerhof, ibid., 102, 1 (1918). 
6 Embden, ibid., 113, 108 (1921). 
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PH  OPT^ OF YEAST HEXOSEPHOSPHATASE 
4 Hours 8 Hours 

PI% Pz05. mg. Relative action PlOs, mg. Relative action 
5.9 0.4 1.7  6 .6  25 
6 . 3  6 . 6  29 19.0 71 
6 . 5  23.0 100 26.8 100 
6 .7  22.6 98 25.4 95 
7.2 10.6 46 18.8 70 

The results are given in the table. In each set the maximum amount 
of phosphorus pentoxide formed was taken as 100, and the others were 
calculated as percentages of it. It will be seen that the optimum PH 

is very close to 6.5. At this PH in eight hours about 38% of the substrate 
was hydrolyzed. 

Summary 

The PH optimum of the yeast hexosediphosphatase has been de- 
termined to be PH 6.5. 

GENEVA, NEW Yo= 

[CONTRIBUTION FROM THE EXPERIMENTAL RESEARCH LABORATORIES, BURROUGHS 
WELLCOME AND COMPANY] 

SYNTHESIS OF LODAL AND EPININE 

Lodal, 4,5-dimethoxy-2-j3-methylamino-ethylbenzaldehyde, was obtained 
by Pymanl by the oxidation of laudanosine. It is also related t o  papaver- 
ine, since N-benzoyltetrahydropapaverine 1 can be degraded to 6.7-di- 
methoxy-3,4-dihydroisoquinoline,2 whose methochloride (6,7-dimethoxy- 
2-methyl-3,4-dihydroisoquinolinium chloride) is identical with the com- 
pound obtained from lodal by means of hydrochloric acid. 

Epinine, 3,4-dihydroxyphenylethylmethylamine, was obtained by Py- 
manls2 by heating l-keto-6,7-dimethoxy-2-methyltetrahydroisoquinolie, 
obtained from laudanosine or papaverine, with hydrochloric acid. 

Lodal is a post-partum constrictor for uterine vessels, and a styptic in 
uterine hem~rrhage,~ while epinine shows hemostatic and pressor properties 
similar to those of a~lrenaline,~ with the advantage of greater stability in 
solution. Up to the present time no complete syntheses of these com- 
pounds have been reported. The author has carried out complete syn- 
theses of lodal and epinine, starting from homoveratrylamine (prepared 
from vanillin). This amine is monomethylated, via the Schiff base, and 

1 Pyman, J. Chem. Soc., 95, 1266 (1909). 
Pyman, zbid., 95, 1610 (1909). 
Laidlaw, Biochem, J., 5, 243 (1911). 
Barger and Dale, J. Physiol., 41, 19 (1910). 
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then demethylated to produce epinine hydrochloride. Alternatively, 
methylhomoveratrylamine is converted into the formyl derivative and this 
then cyclized by the peculiar reaction of D e ~ k e r . ~  In both cases the syn- 
thetic products were compared with authentic compounds prepared by 
Pyman's method and found to be identical with these. 

The relationships mentioned may be shown thus 

Benzoyltetrahydropapaverine Laudanosine 

$ CH3Cl Lodal 

CHBO/\CH~-CH~ 

L c H .  
CHsO C H ~  \ ~ 1  

Experimental 
Homoveratrylamine.B-This amine was prepared from dimethoxyphenylpropion- 

amide. Veratric aldehyde was condensed with ethyl acetate and the resulting di- 
methoxycinnamic ester hydrolyzed and reduced to dimethoxyphenylpropionic acid as 
described by Perkin and Robinson.' By heating the ammonium salt of the acid,6 di- 
methoxyphenylpropionamide was obtained. This was then converted into homovera- 
trylamine by the regular Hofmann m e t h ~ d . ~ . ~  

Methy1homoveratrylamine.-The methylation was carried out by first forming the 
benzal derivative and then treating this with methyl iodide. The benzal group was then 
split off, giving methylhomoveratrylamine hydriodide.5 Molecular amounts of homo- 

s Decker, Ann., 395, 390 (1913). 
Buck and Perkin, J. Chem. Soc., 125, 1675 (1924). 
Perkin and Robinson, ibid., 91, 1080 (1907). 
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veratrylamine and benzaldehyde were mixed. Heat was evolved and the mixture be- 
came turbid through the separation of water, which was then removed by heating under 
reduced pressure. An equivalent amount of methyl iodide was added and the mixture 
heated, with the careful exclusion of air and moisture for twenty hours a t  37". The re- 
sulting solid, yellow, crystalline mass was boiled with 90% alcohol. On cooling and 
adding ether, the hydriodide of methylhomoveratrylamine separated. The yield was 
79y0 of the theoretical. 

The hydriodide after crystallization forms a dull white mass of jagged irregular 
prisms melting a t  131 (uncorr.). It is very soluble in water, readily soluble in alcohol 
and sparingly soluble in ether. 

Anal. CaIcd. for C I ~ H ~ ~ O ~ N I :  C, 40.86; H, 5.57. Found: C, 41.09; H, 5.59. 
The base was prepared by adding an excess of strong sodium hydroxide solution 

to an aqueous solution of the hydriodide and extracting with benzene It forms an 
almost colorless and odorless oily liquid, b. p. 159' (11 mm.), nls 1.5362; dig 1.0597. 
I t  is very soluble in water, giving an alkaline solution, and is miscible with the usual 
organic solvents. Unlike homoveratrylamine, it appears not to form a carbonate in air. 

Anal. Calcd. for C1lH1~O~N: C, 67.69; H, 8.72; N, 7.18. Found: C. 68.09; 
H, 8.65; N, 6.93. 

The picrate, prepared in aqueous solution, forms a yellow crystalline powder, 
melting at  162-163" (uncorr.). 

Anal. Calcd. for CnHzoOsN*: C, 48.11 ; H, 4.72. Found: C, 47.95; H, 4.75. 
The quaternary iodide, formed when the amine is warmed in alcoholic solution 

with methyl iodide, consists of beautiful pearly masses of plates. I t  is soluble in water 
and alcohol and melts a t  226 " (uncorr.) . 

Anal. Calcd. for ClsHzzOzNI: C. 44.44; H, 6.26. Found: C, 44.37; H, 6.39. 
The platinichloride forms a pale orange granular precipitate, melting a t  190" 

(uncorr.) with frothing and blackening. 
Anal. Calcd. for (ClIH1~02N)rHzPtCls: C, 33.0; H, 4.5; Pt, 24.4. Found: 

C, 34.0; H, 4.5; Pt, 24.6. 
The aurichloride forms a bulky orange powder, melting with frothing and blacken- 

ing a t  148 ' (uncorr.). 
Anal. Calcd. for CIIH~~O~N.HAUC~~:  C, 24.7; H, 3.4; Au, 36.9. Found: C, 

25.0; H, 3.5; Au, 37.4. 
Epinine.-Methylhomoveratrylamine hydriodide was heated with five times its 

weight of hydriodic acid (sp. gr. 1.70) for thirty minutes at  120-130". Surplus acid was 
then distilled off under reduced pressure. The residual golden oil was dissolved in water 
and converted into the hydrochloride by means of silver chloride. The yield of hydro- 
chloride was over 65% of the theoretical. The hydrochloride and the base prepared 
from it were identical in every respect with authentic specimens prepared by Pyman's 
method. Mixed melting point determinations showed no depression. 

Anal. Calcd. for C9HI4OsNC1: N, 6.88; C1, 17.42. Found: N, 6.90; C1, 17.54. 
Loda1.-Four and nine-tenths grams of methylhomoveratrylamine and 2.3 g. 

(2 mols) of absolute formic acid were mixed and the whole heated for one hour in an  oil- 
bath a t  210". A clear almost colorless sirup of the formyl compound resulted. This 
was dissolved in 50 cc. of toluene and boiled with 20 g. of phosphorus pentoxide for thirty 
minutes. After cooling, the toluene was decanted and the pentoxide added to crushed 
ice. The solution was then filtered, neutralized with sodium bicarbonate, extracted 
with benzene, and the aqueous liquor made strongly alkaline with 20% sodium hydroxide 
solution. On standing, a portion of the product crystallized out and the rest was 
extracted with benzene; yield, 61% of crude material. The compound was identified by 
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comparison with an authentic specimen and by mixed melting point determinations on 
the base, the picrate and the very characteristic cyano derivative. 

Summary 
Complete syntheses of lodal (4,5-dimethoxy-2-6-methylamino-ethyl- 

benzaldehyde) and epinine (3,4-dihydroxyphenylethylmethylamine), from 
vanillin, via homoveratrylamine, have been carried out. The products 
were identical with those prepared by Pyman's1p2 method from papaverine 
or laudanosine. 

TUCKAEKOB, NEW YORK 

THE ARSONATION OF AROMATIC ALDEHYDES 

Certain organic arsenical compounds exert a specific curative action 
in syphilis and the trypanosomiases. Although arsonated aromatic com- 
pounds containing the amino group substituted in the nucleus have been 
widely investigated for many years, little attention has been devoted 
to arsonated aromatic molecules containing a non-cyclic carbonyl group. 
The present investigation deals with the preparation and properties of 
arsonated aromatic aldehydes, molecules which contain a nuclear arsono 
group (As03H2) and a non-cyclic carbonyl group. The only reference 
t o  this type of substance was found in certain patents. Pfleger and Al- 
bert2 claim derivatives of p-arsonobenzaldehyde. Margulies claims 3- 
nitro-4-arsonobenzaldehyde and ~-arsonoben~aldeh~de.~ - 

Kalberlah4 claims unique effectiveness for a new aromatic arsenical 
compound containing a non-cyclic carbonyl group. 

In  the present investigation derivatives of three arsonated aromatic 
aldehydes have been prepared. The structures of the parent compounds 
are as follows 

CHO CHO CHO 

3-Nitro-4-arson* m-Arson* p Arsono- 
benzaldehyde benmldehyde benzaldehyde 

1 Research Fellow under a grant from Parke, Davis & Co. This article is an 
abstract of a thesis submitted by Albert B. Scott in partial fulfilment of the require- 
ments for the degree of Doctor of Philosophy a t  Northwestern University. 

Vfleger and Albert, United States Patent 1,472,778 (1923). 
a Margulies, British Patent 220,688 (1924). 

Khlberlah, Klin. Wocbchr., 48, 2185 (1924). 
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3-Nitro-4-arsonobenzaldehyde (I) was prepared from 3-nitro4-amino- 
benzaldehyde by Bart's r e a c t i ~ n . ~  The diazotization proved difficult 
and was accomplished by the use of a large volume of acetic acid and a 
great excess of nitrous acid. Arsonation was carried out by adding dilute 
sodium hydroxide solution to the strongly acid mixture of diazonium 
compound and arsenious acid. This procedure permits coupling t o  form 
the arsonic acid over a wide range of hydrogen-ion concentrations and is 
consequently advantageous in the preparation of a new arsonic acid where 
the optimum conditions for coupling are unknown. 

Purification of 3-nitro-4-arsonobenzaldehyde was unsatisfactory. The 
P-nitrophenylhydrazone, the j3-naphthylhydrazone and the semicarbazone 
of this arsonated aromatic aldehyde were obtained in pure condition. 
The method of purification found most suitable for these derivatives 
was solution in dilute sodium carbonate solution followed by re-precipitation 
with dilute hydrochloric acid. From the semicarbazone of 3-nitro-4- 
arsonobenzaldehyde the semicarbazone of 3-amino-4-arsonobenzaldehyde 
was prepared by reduction with ferrous hydroxide in alkaline medium as 
suggested by Jacobs, Heidelberger and Rolf6 and modified by Palmer and 
Adams.? While the alkaline medium was quite satisfactory for the reduc- 
tion of the semicarbazone i t  might have been incompatible with the parent 
aldehyde. 

m-Arsonobenzaldehyde was prepared from m-aminobenzaldehyde by 
Bart's reaction and isolated as the p-nitrophenylhydrazone. A solution 
of m-aminobenzaldehyde was prepared by reduction of m-nitrobenzalde- 
hyde as the sodium bisulfite addition compound with ferrous sulfate and 
calcium carbonate.* Excess iron was precipitated from the very dilute 
solution and the filtrate containing rn-aminobenzaldehyde was arsonated. 
m-Aminobenzaldehyde formed tars with remarkable readiness except in 
neutral or nearly neutral dilute solutions. After arsonation m-arsono- 
benzaldehyde was obtained from the solution as the p-nitrophenylhydra- 
zone. 

To avoid the extreme difficulty of working with certain aminoaldehydes, 
a new and independent method of synthesis of arsonated aromatic alde- 
hydes was developed. p-Methylphenylarsonic acid was oxidized to  9- 
arsonobenzaldehyde by means of solid chromic oxide (Cr03) in the  presence 
of acetic anhydride, glacial acetic acid and concentrated sulfuric acid. 
Formation of the aldehyde diacetate prevents further oxidation of the 
aldehyde group. The arsonated aromatic aldehyde, p-arsonobenzalde- 
hyde, prepared by this method was isolated as the p-nitrophenylhydra- 

Bart, A m . ,  429,55 (1922). 
6 Jacobs, Heidelberger and Rolf, THIS JOURNAL, 40, 1581 (1918). 
7 Palmer and Adams, ibid., 45, 1312 (1923). 
8 German Patent 66,241 (1892). 
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zone. The yield of $-arsonobenzaldehyde was low but the method is 
being improved and will be extended to other alkyl arsonic acids in the 
near future. The great advantage of this method of preparing certain 
arsonated aromatic aldehydes lies in the ease of preparation of the alkyl 
arsonic acids which serve as intermediates to be oxidized to the corre- 
sponding aldehydes. 

In this investigation the question of qualitatively proving the presence 
of the arsono group (As03H2) arose repeatedly and lack of a suitable 
qualitative test for arsonation was a marked handicap. Ordinary quali- 
tative tests for arsenic fail completely to differentiate between arsenic 
in inorganic combination and arsenic in organic combination. The re- 
duction of aromatic arsonic acids to the less soluble arseno compounds 
by  means of hypophosphorous acid was found to be adaptable for use 
as a rapid qualitative test for the arsonation of aromatic compounds. 
With all of the arsonic acids examined a characteristic precipitate of the 
corresponding arseno compound was obtained within twenty minutes 
under the conditions described in the experimental portion of this work. 
Experience with this reduction indicates that a mixture of the arsine oxide 
and arseno compound corresponding to the arsonic acid may form in some 
cases but this does not affect the validity of the test. However, much 
more extensive study will be necessary to prove that this qualitative test 
is general. 

Experimental 

3-Nitro-4-aminobenza1dehyde.-Following the method of Hodgson and Beard9 

3-nitro-4-aminobenzaldehyde was prepared in approximately 10% yield, the greatest 
loss occurring in the conversion of p-nitrotoluene to p-acetaminobenzaldehyde. The 
product after recrystallization from 80% acetic acid melted at  188-189" (Hodgson and 
Beard give m. p. 191" for the crude product). 

Arsonation of 3-Nitro-4-aminobenza1dehyde.-A solution of 16 g. of recrystallized 
3-nitro-4-aminobenzaldehyde was obtained by stirring for thirty minutes a t  95O with 
200 cc. of 80% acetic acid. The hot solution was filtered and then, by cooling to 20 O, a 
thick paste of fine crystals was formed. Diazotization was carried out a t  20' with stir- 
ring by the simultaneous dropwise addition of 20% sodium nitrite solution and concen- 
trated hydrochloric acid. The dropwise addition was carried out a t  such a rate that all 
of the hydrochloric acid (90 cc.) had been added in sixty minutes and all of the sodium 
nitrite solution (220 cc.) in ninety minutes. After the addition of the sodium nitrite 
solution was complete, stirring was continued for thirty minutes making a total of one 
hundred and twenty minutes for the diazotization. The bright red acid diazonium 
solution was then filtered, treated cautiously with urea, and poured into a 4-liter 
crock containing 75 cc. of a 20% sodium meta-arsenite solution and 125 cc. of water. 
Then with constant stirring and below 15" 4 N sodium hydroxide solution was added 
dropwise until thcrc was 25 cc. excess over the amount necessary to make the solution 
just alkaline to litmus paper. After standing overnight a t  room temperature, the dark 

Hodgson and Beard, J. Chem. Soc., 20 (1927). 
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brown solution was stirred for sixty minutes a t  60-70°. A t  the end of this time a 
test with alkaline R-salt solution showed that all of the diazo compound had reacted. 
The solution was then made just acid to litmus paper with hydrochloric acid, heated to 
boiling with decolorizing charcoal, filtered, made acid to Congo red paper with hydro- 
chloric acid and concentrated to 300 cc. on the steam-bath. The golden yellow solution 
was then made just neutral to litmus paper with 6 N sodium hydroxide solution added 
slowly with stirring and cooling. The solution of the monosodium salt of 3-nitro-4- 
arsonobenzaldehyde was then filtered from undissolved material and the free arsonic 
acid precipitated from the filtrate as a yellow paste by adding 6 N hydrochloric acid drop 
by drop with stirring and cooling until the solution was acid to Congo red paper. The 
pasty yellow product was combined with a further quantity recovered from the filtrate 
and washings and dried in vacuum over calcium chloride to form a heavy yellow amor- 
phous powder which softened and darkened at  about 155' and decomposed slowly 
above this temperature; wt., 12.5 g.; yield, 47%. In one run the arsonic acid was iso- 
lated as the semicarbazone and a weight of semicarbazone corresponding to 54% yield 
of 3-nitro-4-arsonobenzaldehyde was obtained. 

The crude arsonic acid gave an arsine odor when burned; gave a precipitate with 
hypophosphorous acid when warmed in either aqueous or alcoholic solution; dissolved 
in concentrated ammonium hydroxide, dilute sodium carbonate solution and dilute 
sodium hydroxide solution; formed a p-nitrophenylhydrazone, a 8-naphthylhydrazone 
and a semicarbazone; and was slightly soluble in water while practically insoluble in 
ethyl alcohol, methyl alcohol, ethyl acetate, ether, chloroform, ligroin and benzene. 

Anal. (1) After recrystallization from water. Subs., 0.1448: 21.60 cc. of po- 
tassium bromate (1 cc. = 0.001874 g. As). Calcd. for CrH60~NAs: As, 27.25. Found: 
As, 27.95. (2) After solution in dilute sodium carbonate solution and re-precipitation 
with dilute hydrochloric acid. Subs., 0.1602: 23.17 cc. of potassium bromate (1 cc. = 
0.001874 g. As). Found: As, 27.10. 

Analytical values on this substance were not consistent. I t  was possible, however. 
to prepare pure derivatives. 

P-Nitrophenylhydrazone of 3-Nitro-4-arsonobenza1dehyde.-A clear amber solu- 
tion of 3.5 g. of crude 3-nitro-4-arsonobenzaldehyde in 400 cc. of water was obtained by 
boiling, cooling and filtering. To the cooled solution was added 4 g. of solid sodium 
acetate. The solution was then heated nearly to boiling and a solution of 2 g. of #- 
nitrophenylhydrazine in 100 cc. of water and 10 cc. of 6 N hydrochloric acid was then 
poured in with vigorous stirring. A brilliant orange-red flocculent precipitate formed a t  
once. After digestion for ninety minutes this product was filtered, washed with water 
and ether, and dried in vacuum over phosphorus pentoxide to form an amorphous 
orange powder which began to decompose at about 26C-270". 

The product was purified by dissolving in 10% sodium carbonate solution, filtering 
and re-precipitating by making just acid to Congo red paper with 6 N hydrochloric acid 
added dropwise with stirring and cooling.1° After washing and drying as before, an 
orange amorphous powder was obtained. 

Anal. Subs., 0.2484, 0.2759: 23.90, 26.30 cc. of potassium bromate (1 cc. = 
0.001874 g. As). Calcd. for C13HX10,N4As: AS, 18.29. Found: As, 18.03, 17.86. 

0-Ffaghthylhydrazone of 3-Nitro-4-arsonobenza1dehyde.-A solution of 8-naph- 
thylhydrazine was obtained by dissolving 0.7 g. of 0-naphthylhydrazine hydrochloride 

lo When the sodium carbonate solution of the hydrazone came through the filter 
with a marked cloudy or silky appearance, it was warmed with a small amount of de- 
colorizing charcoal and filtered agam. This treatment gave a solution which was free 
from suspended fine particles. 
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in 100 cc. of boiling water, adding 0.3 g. of solid sodium acetate, cooling to about 50. 
and filtering. This solution was then poured, with vigorous stirring, into a hot solution 
of 1 g. of crude 3-nitro-4-arsonobenzaldehyde in 200 cc. of water, and the heavy brick-red 
precipitate digested, washed and dried. The dry dark red powder darkened a t  about 
210" and decomposed at  about 235-245"; wt., 0.75 g. For purification 3 g. of the crude 
hydrazone was treated with 5 cc. of 10% sodium carbonate solution and 200 cc. of water 
and filtered. The insoluble residue was treated with 5 cc. of 10% sodium carbonate 
solution and 50 cc. of water and filtered. The combined filtrates were muddy and a clear 
solution was obtained by warming with decolorizing charcoal and again filtering. From 
the final clear red solution the hydrazone was precipitated by the addition of 6 N hy- 
drochloric acid added dropwise with stirring and cooling until the solution was acid to 
Congo red paper. 

Anal. Subs., 0.2322, 0.2334: 22.20, 22.40 cc. of potassium bromate (1 cc. =; 

0.001874 g. As). Calcd. for ClrH,cOsNAs: As, 18.07. Found: As, 17 92, 17.99. 
The Semicarbazone of 3-Nitro-Carsonobenza1dehyde.-A solution of 1 g. of semi- 

carbazide hydrochloride in 50 CC. of water was added to a clear solution of 2 g. of crude 
3-nitro-4-arsonobenzaldehyde in 400 cc. of water containing 0.73 g. of solid sodium 
acetate. The solution became cloudy and immediately deposited heavy yellow crystals. 
When dried the semicarbazone was a pale yellow powder which began to darken a t  about 
220° and decomposed a t  about 250'; wt., 1.62 g. 

For purification the semicarbazone was recrystallized twice from methyl alcohol 
and then 2 g. of the recrystallized material was treated with 10% sodium carbonate 
until nearly all of it dissolved. The golden yellow solution obtained by filtering was 
then made just acid to Congo red paper by adding 6 N hydrochloric acid dropwise with 
stirring and cooling. The light yellow product dried to form an almost white crystalline 
powder. 

Anal. (1) Recrystallized twice from methyl alcohol. Subs.. 0.1906, 0.2385: 
22.50,28.20 cc. of potassium bromate (1 cc. = 0.001874 g. As). Calcd. for CsH,OBNIAs: 
As, 22.59. Found: As, 22.12, 22.16. (2) Recrystallized material after solution in 
dilute sodium carbonate solution and re-precipitation with dilute hydrochloric acid. 
Subs., 0.2374: 28.40 cc. of potassium bromate (1 cc. = 0.001874 g. As). Found: AS, 
22.42. 

The semicarbazone of 3-nitro-4-arsonobenzaldehyde was found to be readily hydro- 
lyzed by heating on the steam-bath with dilute hydrochloric acid. 

Semicarbazone of 3-Amino-4-arsonobenza1dehyde.-A solution of 20 g. of the 
semicarbazone of 3-nitro-4-arsonobenzaldehyde in 200 cc. of water and 10 cc. of 6 N 
sodium hydroxide solution was added to a mixture of 127 cc. of 3.3 molar ferrous chloride 
and 170 cc. of 6 N sodium hydroxide solution in a bottle with a wide mouth and the bottle 
tightly stoppered. The mixture turned reddish-brown a t  once but was subjected to 
occasional shaking during sixty minutes and was then filtered through a large Biichner 
funnel. The filtrate was made just acid to Congo red paper with 3 N hydrochloric acid. 
The brown pasty precipitate dried to a light brown powder; wt., 11.0 g. The material 
did not fuse but a gas was evolved over a considerable range of temperature. 

The material was found to be moderately soluble in dilute hydrochloric acid and to 
give a brilliant red product when diazotized and coupled with alkaline R-salt solution. 

Anal. Subs., 0.1980, 0.1962: 26.55, 26.40 cc. of potassium bromate (1 cc. = 
0.001874 g. As). Calcd. for C~Hlt04N4As: As, 24.83. Found: As, 25.13,25.22. 

Preparation and Arsonation of m-Aminobenza1dehyde.-To 2000 cc. of water was 
added 680 g. of ferrous sulfate and 250 g. of calcium carbonate, the latter as a paste with 
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water. This mixture was heated to  85' and during twenty minutes with stirring 
500 cc. of an aqueous solution containing 60 g. of m-nitrobenzaldehyde and 40 g. of solid 
c. P. sodium bisulfite were added. The mixture turned brown and carbon dioxide was 
evolved After cooling the solution was acidified to Congo red paper and boiled to 
expel sulfur dioxide. At this point diazotization was unsuccessful because of excess 
ferrous qaits so the solution was diluted to 4 liters, made faintly alkaline to litmus paper 
with sodium hydroxide solution and filtered. The m-nminobenzaldehyde in the 
filtrate as a solution was arsonated. The filtrate was made acid to Congored paper 
with hydrochloric acid and then 60 cc. excess of concentrated hydrochloric acid was 
added. At a temperature below lo0, 207 cc of 20% sodium nitrite solution was added 
dropwise with stirring. The diazonium solution was then poured into 195 cc. of 20% 
sodium meta-arsenite solution and 6 N sodium hydroxjde was added until the solution 
was just alkaline to litmus paper. Vigorous nitrogen evolution occurred. The solution, 
after stirring for one hour a t  50°, was made just acid to litmus paper, heated to boiling 
with decolorizing charcoal, filtered and concentrated to 1000 cc. 

Isolation of m-Arsonobenzaldehyde as the p-Nitropheny1hydrazone.-To 300 cc. 
of the solution of m-arsonobenzaldehyde a t  100' was added a solution containing 4 g. 
of p-nitrophenylhydrazine, 500 cc. of water, 20 cc. of 6 N hydrochloric acid and 8.3 g. 
of solid sodium acetate. The brilliant orange flocculent precipitate was washed with 
water and ether and dried in vacuum over phosphorus pentoxide to form an amorphous 
orange powder which melted with decomposition between 200 and 210°; wt., 5.4 g. 
The product was purified by three successive re-precipitations with sodium carbonate 
solution and hydrochloric acid as previously described. 

Anal. Subs., 0.1968, 0.1599: 21.60, 17.75 cc. of potassium bromate (1 cc. = 
0.001874 g. As). Calcd. for C~~H~.LO~NPAS: As, 20.55. Found: As, 20.57.20.80. 

Chromic Acid Oxidation of p-Methylphenylarsonic Acid.-The quantities used in 
this proredure correspond to those recommended by Thiele and Winter" for the oxida- 
tion of p-nitrotoluene to p-nitrobenzaldehyde. A solution of 15.8 g. of p-methyl- 
phenylarsonic acid in 80 g. of acetic anhydride. 80 g. of gfacial acetic acid, and 30 g. of 
concentrated sulfuric acid was treated with 20 g. of solid chromic oxide (CrOa) added 
during thirty minutes. The temperature was maintained at 0-lo0. The mixture was 
stirred for thirty minutes a t  10' following the addition of all of the chromic oxide and was 
then extracted with two 175-cc. portions of ether. The ethereal extract was taken al- 
most to dryness under diminished pressure, diluted with about 50 cc. of water and 6 g. 
of a gray solid filtered off. 

Isolation of p-Arsonobenzaldehyde as the $-Nitropheny1hydrazone.-In order to 
hydrolyze p-arsonobenzal diacetate, 2 g. of this gray solid was heated for thirty minutes 
on the steam-bath with 10 cc. of 6 N hydrochloric acid. Then 150 cc. of water was 
added, the solution filtered and treated with p-nitrophenylhydrazine. The flocculent 
golden-yellow precipitate was digested for sixty minutes on the steam-bath, filtered, 
washed and dried to a fine yellow powder; wt., 0.44 g. 

Anal. Subs., 0.2006, 0.2047: 22.55, 23.00 cc of potassium bromate (1 cc. = 
0.001874 g. As). Calcd. for C,sH,20DsAs: As, 20.55. Found: As, 21.07, 21.06. 

W. Rapid Qualitative Proof of Arsonation of Aromatic Compounds 

Enough of the compound was placed in a test-tube to cover the bottom, about 3 cc. 
of water added, the mixture heated to boiling, cooled and filtered. To the perfectly 
clear aqueous solution was then added 5 cc. of concentrated hypophosphorous acid. 

11 Thiele and Winter, Ann., 311,353 (1900). 
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The tube was placed in a water-bath a t  100' and observations made every two or three 
minutes. With every arsonic acid examined a characteristic precipitate of the corre- 
sponding arseno compound (with perhaps some arsine oxide) was obtained within 
twenty minutes. When a solution of arsenic trioxide in dilute hydrochloric acid was 
treated with hypophosphorous acid under these conditions, no precipitate was obtained. 
Table I summarizes the results obtained in testing a series of arsonic acids. In two cases 
i t  was found more satisfactory to dissolve the arsonic acid in hypophosphorous acid and 
omit the water. 

TABLE I 
ACTION OR HYPOPHOSPHOROUS ACID 

Minutes for 
Arsonic acid Solvent reduction 

1 p-Hydroxyphenylarsonic acid H,O 4 
2 Phenylarsonic acid Ha0 1 
3 Mono-sodium salt of p-arsonophenoxy- 

ethanol H P  1 
4 p-Arsanilic acid (a) Hz0 19 

(b) HsPOz 13 
5 Tryparsamide 2 
6 3-Nitro-4-aminophenylarsonic acid Hz0 2 

Color of 
precipitate 

Red 
White 

Pale yellow 
Red 
Solid red mass 
Red 
Golden-yellow 

Summary 
1. A rapid qualitative test of arsonation for aromatic compounds has 

been suggested. 
2 .  A new type of arsonic acid, the arsonated aromatic aldehyde, has 

been developed. 
3. The preparation of three arsonated aromatic aldehydes, 3-nitro-4- 

arsonobenzaldehyde, m-arsonobenzaldehyde and p-arsonobenzaldehyde has 
been described #-Arsonobenzaldehyde was prepared by a new and 
independent synthetic method. 

THE REACTION BETWEEN HIGHLY PHENYLATED COMPOUNDS 
AND ORGANIC MAGNESIUM COMPOUNDS 

A study of the reaction between a,&unsaturated ketones and organic 
magnesium compounds, made many years ago, included every member 
except the last of a series beginning with acrolein and ending with its most 
highly phenylated substitution product, tetraphenyl propenone. In view 
of the increasing interest in highly phenylated compounds and especially of 
our own results with highly phenylated unsaturated nitro compounds, it 
was desirable to complete the study of this series. 

We have, therefore, investigated the behavior of the completely phenyl- 
ated unsaturated ketone I both toward methyl magnesium iodide and 
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toward phenyl magnesium bromide. And since the results were rather 
surprising, we also included in the in.vestigation the behavior of the corre- 
sponding saturated ketone, a, 0, p-triphenylpropiophenone, 11. 

(CeHs)2C--C(C6H6)COGH6 (C6H6)zCHCH(CeHs)COCsHs 
I IT 

We found that the saturated ketone reacts much more readily than we 
had anticipated, both with methyl magnesium iodide and with phenyl 
magnesium bromide. Indeed the reaction with methyl magnesium iodide 
proceeds rapidly in ethereal solution a t  the ordinary temperature, and the 
yield of the tertiary alcohol to be expected is practically quantitative. 
The structure of the product was established by treating i t  with a de- 
hydrating agent and ozonizing the resultant hydrocarbon. The oxidation 
product was the original ketone 

With phenyl magnesium bromide the saturated ketone reacts less readily, 
but this reaction can likewise be completed in ether, a t  the ordinary tem- 
perature. In this case also the principal product is the tertiary alcohol but 
the yield is not nearly so good, doubtless because of the ease with which the 
highly phenylated carbinols undergo cleavage to a mixture of simpler 
products. The proof of the structure of the Grignard product was obtained 
by oxidation. The carbinol was readily oxidized by chromic acid in glacial 
acetic acid, and yielded two moles of bmzophenone to one of benzoic acid. 

In sharp contrast with the saturated ketone, the corresponding un- 
saturated compound does not react a t  all with either of the Grignard re- 
agents a t  the ordinary temperature, and it was recovered even after pro- 
longed boiling. In  order to secure any reaction it was necessary t o  replace 
most of the ether with benzene and operate a t  a higher temperature. 

The reaction between the unsaturated ketone and methyl magnesium 
iodide gave two solid products and a small quantity of oil. The composi- 
tion of the principal product indicates that i t  is formed as a result of the 
addition of one molecule of methyl magnesium iodide to  the unsaturated 
ketone. The second product, always formed only in relatively small 
quantities, is a hydrocarbon which is doubtless formed from the primary 
product by loss of water. 

A quantitative examination of the behavior of the primary product 
toward methyl magnesium iodide showed that it reacts with only one mole 
of the reagent and liberates one mole of gas; it therefore probably is a 
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hydroxyl compound. It reacts with ozone and is in part converted into a 
peroxide, and in part oxidized to benzophenone and other products. 
These transformations indicate that the substance is a tertiary alcohol 
formed by addition to the carbonyl group. The results are, however, not 
quite conclusive because it was impossible to prove the presence of methyl 
benzoin in the ozonization products. 

(CsHr)eCO + C~H~COC(CEHI)(CHS)OH 

More definite proof of the structure of the substance was obtained by 
studying the hydrocarbon that is formed in the same reaction. This 
hydrocarbon can be obtained a t  will by heating the primary product with 
acetic anhydride and sodium acetate. When it is gently oxidized with 
chromic acid, it first combines with two atoms of oxygen and forms a di- 
ketone and when this diketone is oxidized more intensively it passes into 
ortho dibenzoyl benzene. The hydrocarbon is, therefore, methyl triphenyl 
indene and the primary product must be the carbinol, VI. 

(Cas)zC=C(CeHs)C(CH,) (CsH$OH --t CCeHs(CHs1 -+ 

VI ()2:::: VII 

C(W&) (CHdCmd& COCsHr 

cocas COCSHS 
VIII 

It proved to be far more difficult to establish the course of the reaction 
with phenyl magnesium bromide because, although the conditions under 
which the experiments were conducted were varied in every conceivable 
manner, the almost invariable result was a mixture of heavy oils from 
which but little solid product could be extracted. It was not until we 
adopted the device of decomposing the magnesium compound with acid a t  
the lowest possible temperature and subjecting the product to the action 
of air or oxygen that we began to  get solids in sufficient quantity for 
examination. 

It is known from earlier experiments,' that when the enolic modifications 
which are obtained by 1,4-addition to such unsaturated ketones as contain 
a hydrocarbon residue in the a-position are exposed to oxygen they form 
peroxides. This procedure in our case likewise resulted in the addition of a 
molecule of oxygen but surprisingly enough the product had a deep yellow 
color. We were therefore confronted with the fact that we had started 
with a colorless unsaturated compound, added first the equivalent of a 

Kohler, Am. Chem. J . ,  36, 181 (1908). 
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molecule of benzene and then a molecule of oxygen, and had ended with a 
deep yellow product which to all appearances was more highly unsaturated 
than our original substance. The conclusion appeared inevitable that a 
benzene ring had become involved in the reaction. The transformations 
of the product confirmed this conclusion. 

When the yellow peroxide was treated with cold sodium methylate, 
which usually cleaves these enolic peroxides, it lost oxygen and water and 
passed into a new yellow compound which had the composition C33H~0.  
This new yellow compound was subjected to the action of ozone, which, as 
usual, added two atoms of oxygen and gave two products-benzophenone 
and a third yellow substance with the composition CmH140~. 

Inasmuch as a yellow compound that is formed by ozonization is most 
likely to be an a-diketone, we treated this yellow ozonization product with 
ortho phenylene diamine and found that it readily formed a glyoxaline 
derivative. Ortho diketones are most cleanly oxidized with alkaline hydro- 
gen peroxide, which cleaves them between the two carbonyl groups. With 
this reagent our third yellow product gave, quantitatively, benzoic and 
ortho phenyl benzoic acids. 

The organic degradation products of our peroxide are, therefore, benzo- 
phenone, benzoic acid and ortho phenyl benzoic acid. The ortho phenyl 
benzoic acid proves that one of the phenyl groups participates in the re- 
action, and when all the degradation products are reassembled in their 
proper order they show quite conclusively which of the phenyl groups is 
involved, the long series of transformations being represented as follows 

CH-CH 
(C&IS),C=C(C6H~COGH~ - (C~HJ~C=C--C=C( \CH -+- 

I I C H ( C ~ H ~ ) - C H ~  
GHsOH 

IX 
0-0 
I ( CH-CH 

(CJ36)2C=C-C-C \CH + (GH&)gC=C--CO 
I I ( c H ( c o H . ) - - c H ~  
CaHt.OH 

a- 
I CtHc CsHr 

X XI 
(Ce.Hs)zCO + C6HsCOCOCsH4C6H6 (0) --+ C6HsCOeH + CeHsCsH'COnH (0) 

XI1 

In addition to the 1,4-addition product IX, there is formed a relatively 
small quantity of an unstable colorless compound. This substance liber- 
ates gas from methyl magnesium iodide and is capable of forming an ace- 
tate. Since it is colorless it cannot be the en01 IX, but it might be either a 
rearrangement product of the en01 (XIV) or the 1,Baddition product (XV) 

(C~HS)~C=C(C~H~)CHOHC~H~C~H~ ( 0 )  (CeRs)zC=C(CsH6)C(CaHs)zOH 
XIV xv 

In order to distinguish between these two possible formulas we oxidized 
the acetate and found that one mole of the substance gives one mole of 
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benzoic acid and two moles of benzophenone, proving that the substance 
must be the 1,2-addition product. Our total yield of definite products is 
unsatisfactory; a t  best, we account for only 70% of the unsaturated ketone. 
But whether this low yield is due to the formation of other substances or the 
difficulty of isolating these unstable compounds we have been unable to 
ascertain. 

Taken in their entirety, our results show that the most highly phenylated 
a!,@-unsaturated ketone, like most other members of the series, is capable of 
forming both 1,2- and 1,4-addition products with organic magnesium 
compounds. Here, however, the resemblance ceases. In all other cases in 
which both types of addition occur, the relative quantity of the 1,4-addition 
product is always larger with alkyl than with aryl magnesium compounds. 
I n  our case these relations are completely reversed. Methyl magnesium 
bromide gives no 1,4-addition product, phenyl magnesium bromide but 
little of the 1,2-product. 

A much more interesting difference, however, is represented by the fact 
that i t  is not, as in the case of all other members of this series, the ethylenic 
system but a phenyl group that is involved in 1,4-addition. The first- 
and only other-case of an addition of this type was reported last year. 
The two cases are not dissimilar. Gilman and his co-workers2 found that 
benzophenone anil reacts with phenyl magnesium bromide only at  a rela- 
tively high temperature, and that the reaction then consists in 1,4-addition 
and involves one of the phenyl groups 

These two cases serve to diminish to some extent the difference between 
aromatic and ethylenic systems. I t  is clear that a phenyl group will 
participate in a reaction involving 1,4-addition when the hindrance to 
every other reaction is sufficiently great. It is far from clear, however, 
why there should be so much more hindrance to 1,2-addition in the un- 
saturated than in the saturated ketone. 

Experimental Part 

I. Preparation of Materials 

No better methods were found for preparing either the saturated or the 
unsaturated ketones, but the yields have been improved greatly by modify- 
ing the procedure at nearly every stage. The steps involved in the prepa- 
ration of the saturated ketone are shown in the following series of formulas 

2 Gilman, Kirby and Kinney, THIS JOURNAL, 51, 2252 (1929). 
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For the reduction of benzoin to desoxybenzoin we used zinc and glacial 
acetic acid as recommended by Sudb~rough,~ but by introducing an effec- 
tive mechanical stirrer and by raising the temperature from that  of the 
steam-bath to that of the boiling point of the liquid we not only greatly 
decreased the time of heating but improved the yield as well. The success 
of this method depends almost entirely on the quality of the zinc dust. 
With the finely powdered zinc which is frequently sold as zinc dust the yield 
is small. Instead of separating a part of the product by crystallization 
we found i t  advantageous to  subject the entire product to  distillation 
under diminished pressure. 

Desoxybenzoin.-Two lots. each of 346 g. of benzoin, 600 g. of glacial acetic acid 
and 105 g. of zinc dust contained in a flask provided with a mechanical stirrer and an air 
condenser, were heated in an oil-bath a t  the boiling point of the liquid until a sample no 
longer gave a flocculent precipitate when it was dropped into water (four to five hours). 
The benzoin was first dissolved in the acid heated to about 115", then the zinc dust 
was added as rapidly as possible without causing frothing, and finally the temperature 
was raised to the boiliig point. 

The solution was poured into hot water, the mixture boiled until the oil collected 
on the bottom, then cooled and filtered. The solid was washed with water and dissolved 
in alcohol. After removal of the zinc, the alcoholic solution was distilled under ordinary 
pressure until free from alcohol, then fractionated under diminished pressure. The 
yield was 534 g. of desoxybenzoin, equal to 82%. 

&Chloro Benzyl Desoxybenzoin.-The desoxybenzoin obtained in the preceding 
experiment was dissolved in 350 g. of benzaldehyde, the solution cooled in a freezing 
mixture, and saturated with hydrogen chloride which was passed into it for seven to  
eight hours. After standing overnight the resulting solid cake was broken up under 
alcohol, washed-first with alcohol, then with ether-and dried. The yield was 622 g. 
of chloro compound from 534 g. of desoxybenzoin, equal to 71%. 

Benzal Desoxybenzoin.-A suspension of 250 g. of p-chloro benzyl desoxybenzoin, 
200 g. of fused potassium acetate and 65 g. of dry sodium carbonate in one liter of 
methyl alcohol was boiled with constant vigorous mechanical stirring for three hours, 
then cooled and filtered. The solid was washed with sufficient water to remove in- 
organic salts completely. Its melting point was 100'. only l o  below that of the pure 
substance, which was obtained by one crystallization from ether. The yield is 180 g.- 
equivalent to 81 yo. 

The Saturated Ketone (IE).-To a solution of phenyl magnesium bromide prepared 
from 10 g. of magnesium, 50 g. of finely ground benzal desoxybenzoin was added as fast as 
it dissolved. The mixture was heated for a short time, then cooled and decomposed with 
ammonium chloride and ammonia in the usual manner. I t  yielded 61 g. of pure ketone 
equivalent to 95.8%. 

The saturated ketone cannot be brominated. The route to the unsaturated ketone. 
therefore, follows the course 

For the purpose of preparing the a-bromo compound, 100 g. of finely ground benzal 
desoxybenzoin was added to a solution of phenyl magnesium bromide made from 20 g. 
of magnesium. The mixture was heated for a short time, then cooled in a freezing mix- 

Sudborough, 3. Cham. SOG., 71, 219 (1897). 
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ture. To  it was added, with constant stirring and very slowly, to avoid local rise in 
temperature, 120 g. of bromine which had been dried over phosphorus pentoxide. The 
mixture was poured into ice and hydrochloric acid and shaken until solid began to sepa- 
rate. The ethereal layer was then diluted with petroleum ether. The resulting solid 
was washed with water, a mixture of ether and petroleum ether and finally petroleum 
ether alone. The yield of a-bromo compound was 133 g., equivalent to 87%. 

The Unsaturated Ketone.-A suspension of 130 g. of the or-bromo compound and an 
equal weight of potassium acetate in 650 g. of dry ethyl alcohol was boiled for two hours 
with sufficiently rapid stirring to prevent bumping. Most of the unsaturated ketone 
separates on cooling, mixed with potassium chloride. After washing and drying it is 
sufficiently pure for most purposes. The remainder of the product is obtained by dis- 
tilling off most of the alcohol, diluting the residue with water and extracting with ether. 
This is less pure and needs to be recrystallized from chloroform and alcohol. The yield 
was 94.5 g., equal to 89%. 

11. Experiments with the Saturated Ketone 

2,3,4,4,-Tetraphenyl Butanol-2 (III).-Fifteen grams of the finely ground saturated 
ketone was added to a solution of phenyl magnesium bromide made from 4 g. of mag- 
nesium. There was no perceptible warming and no change in color but the solid grad- 
ually dissolved. After remaining for two hours a t  the ordinary temperature, the clear 
solution was decomposed with iced ammonium chloride in the usual manner. The 
washed and dried ethereal layer, on evaporation, left a solid. This was recrystallized 
from methyl alcohol. The yield was 12.5 g. of pure product and 2 g. of material, largely 
composed of the same substance as the principal product. 

Anal. Calcd. for GH860: C, 88.8; H, 6.9. Found: 88.4; H, 7.0. 
The carbinol is readily soluble in all common organic solvents except petroleum 

ether. It crystallizes in long, flat needles and melts a t  140'. It appears to be stable 
in the air but its melting point gradually drops when i t  is kept over sulfuric acid in a 
vacuum desiccator. 

2,3,4,4-Tetraphenyl Butene (N).-A solution of one gram of the hydroxyl com- 
pound in the requisite quantity of glacial acetic acid containing two drops of sulfuric 
acid was set aside for twelve hours. I t  deposited 0.71 g. of a colorless solid and when the 
acid was pumped off it left 0.2 g. more of the same substance. The substance is quite 
readily soluble in all common organic solvents including petroleum ether. I t  was re- 
crystallized from methyl alcohol, from which it separated in needles melting at  104-106". 

A d .  Calcd.forC~H,~: C,93.3; H,6.7. Found: C,93.2; H,6.9. 
0zonization.-A current of ozonized oxygen containing about 6% of ozone was 

passed through a solution of 2 g. of the hydrocarbon in ethyl bromide for two hours. A 
considerable quantity of a crystalline solid separated from the solution during the passage 
of the ozone and more of the same substance was obtained when the ozonized solution 
was manipulated in the usual manner. The solid had the melting point of the saturated 
keton-tetraphenyl propanone--and it caused no depression of the melting point 
when i t  was mixed with this ketone. The saturated ketone was likewise obtained 
when the hydrocarbon was oxidized with permanganate. 

1,1,2,3,3-Pentaphenyl Propanol-1 (V).-A solution of 5 g. of the saturated ketone in 
dry benzene was added to a solution of phenyl magnesium bromide which had been 
made from 1.4 g. of magnesium and cooled in a freezing mixture. After the addition, 
the solution was stirred a t  the ordinary temperature for an hour. A test made a t  this 
time still showed much unchanged ketone. The mixture was therefore set aside for 
seven hours, then decomposed with iced acid in the usual manner. In addition to much 
oil, it  gave 3.0 g. of a solid melting a t  158-159 "--a yield of about 33%. 
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All attempts to reduce the quantity of oil and increase the yield of the solid carhinol 
were unsuccessfill. Lowerlng the temperature ancl stopping the reactlon sooner resulted 
in mivtures of products and unchanged R U ~ S ~ ~ ~ C C  whlch were difficult t o  handle, a n d  
decomposing with ice and ammonium chloride in place of hydrochloric acid had no effect 
on the yield. 

The solid product was purified by crystallizing it from methyl alcohol, from which 
it separates in the form of small white prisms melting a t  159O. 

Anal. Calcd. for CsHtaO C, 90.0, H, 6.4. Found: C, 89.5; H, 6.8. 
A test by the Zeisel method showed that the substance has no alkoxyl group, and a 

quantitative examination of its reaction with a solution of methyl magnesium iodide in 
iso-amyl ether showed that it reacts with one mole of the reagent and liberates one mole 
of gas. 

Oxidation.-All attempts to  eliminate water from the hydroxyl compound led t o  
unmanageable oils. The compound was therefore oxidized with excess of chromic acid 
in hot glacial acetic acid. T o  this end one gram of the substance in glacial acetic acid 
was treated with excess of chromic acid and heated on a steam-bath for two hours. 
It yielded 0.73 g of benzophenone and 0.16 g. of benzoic acid, instead of 0.83 g. of the  
former, 0 2 g. of the latter assuming that  one mole of substance gives two moles of the 
ketone and one mole of the acid. 

111. Experiments with the Unsaturated Ketone 
A. Reaction with Methyl Magnesium Iodide 

The reaction between methyl magnesium iodide and the unsaturated ketone was 
carried out a great many times. In  the early experiments we became convinced t h a t  
the reaction would not run in ether alone, no matter how prolonged the boiling. W e  
then turned to benzene and found that  the minimum temperature a t  which the reaction 
would run a t  an appreciable rate was about 50". 

I n  subsequent experiments, therefore, we used four equivalents of t h e  reagent. 
replaced the ether with benzene, heated for periods ranging between forty minutes and 
ten hours and decomposed sometimes with ice and acid, sometimes with ice and ammo- 
nium chloride. The yields of carbinol varied from 53.6 to 63.4%. I n  addition t o  t h e  
carbinol the product usually contained small quantities of its dehydration product- 
methyl triphenyl indene. No evidence was found for any 1.4-addition product. T h e  
lack of color showed conclusively that  no phenyl group was involved in the  reaction, 
and the inability t o  obtain a peroxide was good even if inconclusive evidence t h a t  n o  
other type of 1,4-addition had occurred. 

2,3,4,4-Tetraphenyl Butenol-2 (VI).-A solution of 10 g. of the unsaturated ketone 
in 60 cc. of dry benzene was added rapidly to  a solution of methyl magnesium iodide 
which had been prepared in an atmosphere of dry nitrogen from 2.72 g. of magnesium. 
The mixture was heated t o  60' for ten hours while a current of dry nitrogen was passed 
through the apparatus. After decomposing the magnesium compounds with ice and  
ammonium chloride in the usual manner, the benzene-ether layer was washed, dried 
and evaporated in a current of dry air. I t  deposited a solid which after washing with 
petroleum ether melted a t  96.5'. therefore was pure carbinol. The petroleum ether 
washings yielded 0.8 g. of methyl triphenyl indene. The rest was oil. 

The carbinol dissolves freely in all common organic solvents except petroleum ether. 
It crystallizes well From ether and petroleum ether and it can also be recrystallized from 
methyl alcohol and water. I t  separated ih white plates and melts a t  96.5'. 

Anal. Calcd. forClsHz,O: C,89.4; H'6.4. Found: C,89.5; H,6.7.  
Proof of Hydroxyl Group.-One mole of the substance reacted with one mole of 

methyl magnesium iodide and liberated one mole of methane. 
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Proof of Double Linkage.-The carbinol was ozonized in ethyl bromide with 
ozonized oxygen containing 6% ozone. The product, decomposed with ice in the usual 
manner, and then set aside, slowly deposited a small quantity of solid. After recrys- 
tallization from alcohol the solid melted with decomposition a t  about 148". Its com- 
position corresponds to that of a peroxide of the carbinol and it flashed when it was 
heated rapidly. 

Anal. Calcd. for CzsHz40.02: C, 82.4; H, 5.9. Found: C, 82.3; H, 6.0. 

The oil that was left after the removal of the ~eroxide was distilled with steam. 
The oil in the distillate formed an oxime which melted at 141 and a phenylhydrazone 
melting at 13S0, therefore was benzophenone. 

Conversion into Methyl Triphenyl 1ndene.-A solution of one gram of the carbinol 
and the same quantity of sodium acetate in acetic anhydride was boiled for five hours, 
then poured into water and made alkaline with excess of sodium carbonate. The alka- 
line solution was extracted with ether, the ethereal layer washed, dried and evaporated. 
It left a solid which after washing with a little ether proved to  be pure methyl triphenyl 
indene. The yield was 0.67 g. 

Methyl Triphenyl Indene (VII) .-The indene derivative, as has been shown, can be 
obtained in an excellent yield by heating the carbinol with a suitable condensing agent. 
It was generally obtained in small quantities as a by-product of the Grignard reaction. 
In  one experiment, 50 g. of the ketone gave 12 g. of the pure indene derivative. Whether 
this uncommonly large yield was formed during the reaction or during the decomposition 
of the magnesium derivatives with hydrochloric acid could not be ascertained because 
we were unable to duplicate the result. The indene crystallizes from absolute ethyl 
alcohol in the form of prisms melting a t  l l B O .  

Anal. Calcd. for CzsHtz: C ,  93.9; H, 6 2; mol. wt., 358. Found: C, 93.8; H, 
6.2; mol. wt., 320. 

Oxidation: a,a,ol-Benzoyl-methyl-phenyl-ortho-toll Phenyl Ketone (VIII).-A 
solution of 1.5 g. of the hydrocarbon and 1.2 g. of chromic acid in glacial acetic acid was 
warmed until oxidation began a t  50-60'. The temperature was held a t  this point for 
fifteen minutes. The solution was then diluted with water and extracted with ether. 
The washed and dried ethereal solution was concentrated and diluted with petroleum 
ether, whereupon it deposited a solid. The solid was recrystallized from anhydrous 
ether, from which it separated in white prisms melting a t  182". 

Anal. Calcd. for CZRHZZO~: C, 86.2; H, 5.6. Found: C, 86.4; H, 5.2. 

Ortho Dibenzoyl Benzene.-The oily mother liquors from the diketone were oxidized 
with a larger quantity of chromic acid. The principal product was o-dibenzoyl benzene, 
which was identified by comparison with a sample on hand. Ortho dibenzoyl benzene 
was also one of the products formed when the oily by-products of the Grignard reaction 
were oxidized with excess of chromic acid. 

B. Reaction with Phenyl Magnesium Bromide 

A series of preliminary experiments showed that the unsaturated ketone does not 
react with phenyl magnesium bromide in boiling ether and that when the reaction was 
carried out in boiling benzene no solid products could be isolated. We used, therefore, a 
large excess of the reagent-usually four equivalents-and operated a t  temperatures 
between 45-60", The procedure most favorable for securing the peroxide was the least 
favorable for isolating the unstable l,2-addition product. Moreover, the acetate of the 
1,2-addition product was most easily obtained directly from the magnesium derivative 
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The Peroxide (X).--A solution of 15 g. of the ketone in 90 cc. of benzene was added 
drop by drop to an ethereal solution of phenyl magnesium bromide that was made from 
4.08 g. of magnesium. Each drop of the solution produced a momentary red color, 
which turned to yellow, but by the time all of the ketone had been added, the color of the 
solution was dark red to brown. Ether was boiled off until the boiling point of the solu- 
tion reached 50-52 '. 

After the solution had been boiled a t  50-52" for an hour, it was cooled and poured 
into iced hydrochloric acid contained in a separating funnel. The mixture was shaken 
vigorously, the acid layer drawl ulT and the ethereal layer rapidly washed wit11 ice water. 
The washed ethereal solution was then transferred to a suction flask which was cooled 
with ice while a rapid current of air was drawn through it. A yellow precipitate soon 
began to separate. This was collected on a filter when the solution became too thick; 
a second crop was obtained by diluting the oily residue with ether and repeating the 
operation, and a third by treating the oil with ether and petroleum ether. The total 
yield was 7.3 g , equivalent to 37.3%. 

The peroxide was recrystallized from ether, from methyl alcohol, and from chloro- 
form, but it is doubtful that this increased its purity. Its melting point varied with the 
mode of heating, the highest being 186.5". 

Anal. Calcd. for C33Hm03: C, 84.3; H, 5.5. Found: C, 84.0; H, 6.0. 
In the machine one mole of the compound consumed three moles of methyl mag- 

nesium iodide and liberated one mole of gas. The peroxide crystallizes in long yellow 
prisms. 

0zonization.-The peroxide was oxidized with ozone in the usual manner but the 
results were not very instructive. It gave a considerable quantity of benzophenone, 
showing that the ethylene linkage was intact but, as was to be expected, the remainder 
of the molecule was converted into highly colored oils from which only benzoic acid could 
be isolated. 

Reaction with Sodium Methylate. The Unsaturated Ketone (XI).-When the per- 
oxide is added to a concentrated solution of sodium methylate in methyl alcohol it 
dissolves in part and forms a brilliant red solution, but the ketone begins t o  separate 
before solution is complete. The reaction appears to be complete in an hour, but the 
mixture was usually set aside overnight. Thus 2.5 g. of the finely ground peroxide 
was added to 20 cc. of 10% sodium methylate. The mixture was set aside for fifteen 
hours, then diluted with water and extracted with ether. The washed and dried yellow 
ethereal solution, on evaporation, deposited 2.45 g. of crude product. This was washed 
with methyl alcohol and further purified by recrystallization from the same medium. 
The yield of pure ketone was 1.6 g., equivalent to 69%. 

Anal. Calcd. for C&t240: C, 90.8; H, 5.5; mol. wt., 436. Found: C, 90.9; 
H, 5.6; mol. wt., 412. 

The color of the ketone is a lighter yellow than that of the peroxide. I t  crystallizes 
in long plates and melts a t  138'. 

Ozonization: Ortho Phenyl Benzil (XII).-A current of ozonized oxygen containing 
about 6y0 of ozone was passed through a solution of one gram of the ketone in ethyl bro- 
mide for one and one-half hours The ozonide was decomposed in the usual manner 
and the solvent removed. The residue was an oil which partially solidified when i t  was 
rubbed with alcohol. The resulting solid was recrystallized from alcohol, from which it 
separated in pale yellow plates melting a t  80". 

Anal. Calcd. for C2c$I1402: C, 83.9; H, 4.9. Found: C, 83.5; H, 5.3. 
The filtrate from the diketone was distilled with steam and the distillate extracted 

with ether. The ethereal solution contained benzophenone, which was identified by 
converting it into phenylhydrazone and comparing this with a sample on hand. 
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0.1 g. of the diketone, 0.09 g. of ortho phenylene diamine hydrochloride and an equiva- 
lent quantity of sodium acetate was boiled for a short time, then diluted with water 
and extracted with ether. The ethereal extract was freed from excess of the diamine 
b y  shaking with dilute acid, then washed, dried and evaporated. I t  deposited a color- 
less solid. The solid was recrystallized from alcohol, which deposited it  in large square 
plates which melted a t  163 O. 

Anal. Calcd. for CzeHtaN1: C, 87.1 ; H, 5.0. Found: C, 86.6; H. 5.1. 

Oxidation of the Diketone: Ortho Phenyl Benzoic Acid.-A solution of 0.2 g. of the 
diketone in methyl alcohol was treated first with excess of 15% hydrogen peroxide, 
then with excess of 10% sodium hydroxide. I t  soon became colorless. I t  was then 
heated t o  remove the methyl alcohol, and acidified. From the acid solution ether ex- 
tracted 0.23 g. of a mixture of acids which could not be separated by steam distillation. 
bu t  which was readsly separated by sublimation. The sublimate was benzoic acid. 
The  residue (0.15 g.) melted a t  113'. I t  was identified as ortho phenyl benzoic acid by 
comparison with a sample of this acid which was obtained by fusing fluorenone with 
potassium hydroxide. 

Triphenylvinyl Diphenyl Carbinol (XV).--A solution of 10 g. of the ketone was 
added in the usual manner to a solution of phenyl magnesium bromide made from 2 7 
g. of magnesium. The mixture was heated to  60' for two hours, then decomposed with 
iced hydrochloric acid. The ethereal layer was washed, dried and then evaporated in a 
draught. I t  first deposited the yellow peroxide, and later a colorless solid which was 
purified by recrystalfization from ether-pctro!cuni ether; yield. 127$. 

Anal. Calcd. for CarHzsO: C, 90.4; H, 5.9. Found: C, 90.1; H. 6.0. 

The carbinol is sparingly soluble in alcohol, moderately soluble in ether. It crys- 
tallizes in thin white plates. I t  melts with decomposition, and the melting point varies 
with the rate of heating. The highest melting point observed was 169'. Even the 
purest samples slowly change a t  the ordinary temperature, turning ultimately into 
brown viscous oils, but it  can be kept apparently without change a t  0'. 

The Acetate (XVI).-The acetate was first obtarnrd by boiling a solution of the 
carbinol for seventeen hours with acetyl chloride and then distilling off the excess of 
the  chloride. I t  is made much more easily directly from the magnesium derivative of 
the  carbinol. Thus a solution of 25 g. of the ketone in benzene was added to a n  ethereal 
solution of phenyl magnesium bromide which contained 6.8 g. of magnesium. The  
mixture was kept for one hour a t  50°, then cooled in a freezing mixture. Into thecooled 
solution was dropped a mixture of 33 g. of acetyl chloride and twice its volume of ab- 
solute ether. The brilliant red solution was allowed to reach the temperature of the  
room, then decomposed with ice and acid in the usual manner. 

The ethereal layer was thoroughly washed with water, dried and concentrated. 
It yielded 10 0 g. of the same acetate that had been obtained from the carbinol. It was 
purified by recrystallization from chloroform and ether. 

Anal. Calcd. for ClrHiaOz: C, 87.5; H, 5.8. Found: C, 87.5; H, 6.2. 
The acetate is readily soluble in benzene and in chloroform, very sparingly soluble 

in  ether and in alcohol. I t  crystallizes in colorleqs plates and melts a t  218'. 
Oxidation.-A solution of one gram of the acetate and an equal weight of chromic 

a d d  in glacial acetic acid was heated on a steam-bath for about a n  hour, then cooled and 
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diluted with ice and ether. The ethereal layer was shaken with sodium carbonate, 
which extracted benzoic acid, then dried and evaporated. The residue when distilled 
with steam yielded 0.61 g. of pure benzophenone. 

s-ary 
When tetraphenyl propenone reacts with phenyl magnesium bromide, 

the principal product is a diphenyl derivative which is formed by 1,4- 
addition to the system -CO-GHa. 

CONVERSE MEMORIAL LABORATORY 

CAMBRIDGE, MASSACHUSETTS 

[CONTRIBUTION PROM THE DEPARTMENT OF CHEMISTRY, YALE UNIVJ~RSITY] 

THE SYNTHESIS OF THIAZOLE AMINES POSSESSING 
PHARMACOLOGICAL INTEREST. V 

In Paper IV of this series, Hinegardner and Johnson2 have described the 
synthesis of 2-phenylthiazole-4-ethylamine, expressed structurally by 
formula I. This is a representative of a new type of aliphatic amines in 
which the thiazole nucleus has been substituted for a methylene radical in 
y-phenylpropylamine. It is a bridged thiazole compound of pharmaco- 
logical interest and is only one of a series of compounds of its type which 
may be prepared by our method of synthesis. In this paper we describe a 
series of intermediate compounds which have been prepared in the develop- 

CH-S 

meat of a practical synthesis of 2-fi-hydroxyphenylthiazole-4-ethylamine, 
XIV. This latter amine bears the same relationship to tyramine I11 as the 
thiazole amine I does to phenylethylamine 11. I t  is a very potent sub- 
stance biologically and its pharmacological activity is being investigated. 

The starting points for our research were sym.-dichloro-acetone and the 
thioamide of anisic acid. These interact smoothly when warmed together 
in alcoholic solution, giving an excellent yield of the primary halide IV. 
Utilizing then the same technique as was described in our previous paperB 

for the preparation of the amine I, the various transformations recorded in 
Table I have been carried through successfully, leading up to the desired 
amine, XIV. The experimental data establishing the constitution and 
chemical identity of these various thiazoles are recorded in Table 11. 

1 Metz Research Fellow in Organic Chemistry, 1928-1929. 
2 Hinegardner and Johnson, THIS JOURNAL, 52, 3724 (1930). 
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IV 
v 
VI ' 

VII 
VIII 
IX  
X 
XI 

XI1 
XI11 
XIV 

NOMENCLATURE AND CONSTITUTION 

2-p-Methoxyphenylthiazole-4-chloromethyl CICHaTaCsH40CHa 
Diethyl-2-p-meth~xyphen~lthiazole-4-methyl malonate (CaHsOOC)zCHCHzTCeH40CHa 
2-p-Methoxyphenylthiazole-4-methyl malonic acid (HOOC)zCHCHzTCsH40CHa 
2-p-Methoxyphenylthiazole-4-&propionic acid HOOCCHzCHzTCsH40CHa 
Ethyl-2-9-methoxyphenylthiazole-4-B-propionate C>H~OOCCH~CHZTC~H~OCHJ 
2-9-Methoxyphenylthiazole-4-8-propionhydrazide HzNNHCOCHzCHnTCsH4OCHs 
2-p-Methoxyphenylthiazole-4-8-propionazide N.aCOCHzCHzTCeH4OCHa 
Di-(2-9-methoxyphenylthiazole-4-ethyl)-sym.-urea 

CHa0CsHaTCHzCHzNHCONHCHzCHzTCsH~OCH.a 
2-p-Methoxyphenylthiazole-4-ethyl phthalimide C~HI(COZ)NCHZCH~TC~H~OCH.~ 
2-p-Methoxyphenylthiazole-4-ethylamine NH#~&CH~TC~HIOCH~ 
2-p-Hydroxyphenylthiazole-4-ethylamine HaNCHzCHzTCsH4OH 

5 C--s 1 

II I 
a T = Thiazole nucleus, 4 C C2 

\N/ 
3 

TABLE I1 
EXPERIMENTAL DATA 

Yield, Crystal Nitr0gen.2~~~ 
Serial no. Solvent % M. p., OC. B. p., 'C.  form Calcd. 

IV  Pet. ether 72 55-56 185-188 Prisms 5.84 5.85 
( 3 4  mm.) 5.77 

V ...... 51.7 . . . . . .  235-239 . . . . .  3.85 3.78 
( 3 4  mm.) 

VIa Dil. alc. 85 97 . . . . .  Prisms 4.56 4.48 
. VII Alcohol . .  126-127 . . . . .  Needles 5.32 5.28 

VIII  Alcohol 95 53-54 . . . . .  . . . . .  4.81 4.90 
. . . . .  I X  Dil. alc. 95 158-159 Needles 15.17 15.20 

X . . . . .  94 78-79 . . . . .  . . . . .  
. . . . .  X I  Water 97.4 173-174 Prisms 11.35 11.30 

or 
plates 

XI1  Alcohol 88 120-121 . . . . .  Needles 7.69 7.63 
. . . . . .  . . . . .  XI11 . . . . .  85 292-293 11.96 12.08 

(3-4 mm.) 
XIV . . . . .  . .  Hydro- . . . . .  . . . . .  Chlorine, Chlorine, 

chloride, 24.19 23.85 
218-222 

" This acid crystallizes with two molecules of water. 

Experimental Part 
Thioanisamide was prepared according to the following series of reactions: anisic 

aldehyde -+ anisaldoxime -+ anisic nitrile (81%) -+ thioanisamide (88.8%). 
The reaction of this thioamide with dichloro-acetone is easily brought about by warming 
in alcohol solution, and the product of reaction IV can be purified by crystallization or 
distillation. 

Preparation of the Malonate, V.-In the preparation of this ester we were not 
troubled with the formation of a disubstitution derivative of the malonic ester when the 
chloride I V  was used as was observed in the first synthesis applied by Hinegardner and 
Johnson.= For this reason the yield of our primary malonic ester V was better than that 
in our previous work. Saponification of the ester and decarboxylation of the resulting 
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malonic acid VI to form the propionic acid VII are easily accomplished by the usual 
organic technique and the yield in each operation is excellent. Formation of the hydra- 
zide IX  is brought about by refluxing the ester VIII in alcohol with 50% 'johydrazine hy- 
drate solution. Complete transformation requires about twelve hours of digestion on a 
steam-bath. 

Formation of the Amine XIII from Its Phthii1imide.-The phthalimide XI1 is 
formed by heating the urea X I  with phthalic anhydride at  220-225O as long as carbon 
dioxide is evolved. The imide is then decomposed by digestion in alcohol yiith 40% 
hydrazine hydrate solution and the amine XI11 obtained in the form of its hydrochloric 
acid salt. Conversion of this methoxy compound into the free phenolic amine XIV 
was brought about by refluxing the base XI11 for three hours with 48% hydrobromic acid 
solution. The amine XIV was obtained as an oil which showed no signs of solidifying 
on standing and was preserved in the form of its hydrochloric acid salt. Attempts to 
convert the urea XI directly into the amine XIV by digestion with 48% hydrobromic 
acid were unsuccessful. 

Summary 
1. Sym.-dichloro-acetone and thioanisamide interact in alcohol solution 

to form the compound 2-p-methoxyphenylthiazole-4-chloronlethyl. 
2. This halide has been incorporated into malonic ester and the resulting 

product converted by a standard series of reactions into a bridged thiazole 
derivative of tyramine, namely, 2-p-hydroxyphenylthiazole-4-ethylamine. 
3. Eleven new thiazole compounds have been described. 

THE SYNTHESIS OF THIAZOLE AMINES POSSESSING 
PHARMACOLOGICAL INTEREST. VI 

In  the development of a practical method for synthesizing a bridged 
thiazole amine of the adrenaline type we undertook first the preparation of 
the thiazole amine expressed structurally by formula 11. It was important, 
during the progress of our work, to compare the pharmacological activity of 
this base with that of 3,4-dihydroxyphenylethylamine I already described 
by Mannich and Jacob~ohn.~ 

CH-S 
II I 

The method of synthesis utilized by us for obtaining this interesting 
amine is an extension of the technique previously applied for the prepara- 
tion of the corresponding bridged thiazole derivatives of phenylethylamine 

Metz Research Fellow in Organic Chemistry, 192&1929. 
Mannich and Jacobsohn, Ber., 43, 189 (1910); also J. Chem. Soc., 97, 2254, 

2257 (1911). 
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and tyramine. The starting points were vanillin and dichloro-acetone. 
The vanillin was first methylated according to the procedure of Barger and 
Silbers~hmidt,~ and converted into the oxime of methylvanillin. Veratrol 
nitrile was then prepared and converted by the action of hydrogen sulfide 
into 3,4-dimethoxythiobenzamide. When this thioamide and dichloro- 
acetone were warmed together in alcohol solution, an immediate reaction 
took place with formation of the primary halide, 2-(3,4-dimethoxyphenyl- 
thiazo1e)-4-chloromethyl, 111, in excellent yield. 

TABLE I 
NOMENCLATURE AND CONSTITUTION 

I11 2-(3,4-Dimethoxyphenylthiazole) 4-chloromethyl CICHZTCIHJ(OCHI); 
IV Diethyl2-(3.4-dimethoxyphenylthiazo1e)-4-methyl malonate 

(C~H~OOC)ZCHCH~TCIH:(OC~)~ 
V 2-(3.4-Dimethoxyphenylthiaaole-4-methyl-malonic acid (HOOC)~CHCH~TC~H~(OCHJ)~ 
V I  2-(3,4-Dimethoxyphenylthiazole)-4-&propionic acid HOOCCHnCHaTGHa(0CHs); 
VII Ethyl 2-(3.4-dimethoxyphenylthiazo1e)-4-8-propionate C;HaOOCCHnCHiTC*Ha(OCHa)a 
VIII 2-(3,4-Dimethoxyphenylthiazole) 4 8-propionhydrnzide H&TNHCOCHZCHITC~H:(OCHJ)I 
I X  2-(3.4-Dimcthoxyphenylthiazo1e)-4-8-propionazide N ~ C O C H ~ C H I T C O H J ( O C H I ) ~  
X Di-2-(3.4-dimethoxyphenylthiazole)-4-ethyI-s~m.-urea 

(CHIO)ZC~HITCHXCHZNHCONHCHZCH~TCIHI~OCHI)~ 
XI 2-(3,4-Dimethoxyphenylthiazole)-4-ethyI phthalimide C~HI(CO):NCH~CHZTC~HJ(OCHJ)I 
XI1 2-(3,4-Dimethoxyphenylthiazo1e)-4-ethylamhe NHsCH~CHirCsH,(OCIL), 
XI11 2-(3.4-Dioxyphenylthiazo1e)-4-ethylamine NHaCHaCH,TCoH8(OHh 

TABLE I1 
EXPEDENTAL DATA 

Yield, Crystal Nitrogen, % 
Serial no. Solvent % M. p., OC. B. p., OC. form Calcd. Found 

I11 Benzene, 74 89-90 . . . . . Prisms 5.19 5.30 
ligroin 5.22 

IV . . . . . 53 . . . . . 251-255 . . . . . 3.56 3.63 
(2-3 mm.) 

V" Alcohol 80 141 . . . . . Prisms 4.15 4.10 
VI Alcohol 80 94 . . . . . Needles 4.78 4.74 
VII Alcohol 81 69 220-223 Needles 4.36 4.39 

(3 mm.) 
VIII Alcohol 94 162 . . . . . Needles 14.0 13.8 
IX . . . . . 90 77-78 ..... . . . . . . . ... 
X Alcohol, 90 165-166 . . . . . Plates 10.11 10.00 

water 
X I  Alcohol 72 143-144 . . . . . Needles 7.11 7.03 
XI1 Alcohol 52 Di-hydro- 210-212 , . . . . 10.6 10.5 

chloride (4 mm.) C1, 21.03 20.75 
225-227 

55 
" This acid crystallizes with one molecule of water. 

a Barger and Silberschmidt, J.  Chem. SOC., 133, 2924 (1928). 
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The different steps of the synthetic process leading up to the amine con- 
struction XI11 are shown in Table I. The yields in each step are very 
favorable, and the intermediate compounds can be easily obtained in a high 
degree of purity. 

The conversion of the dimethyl ether represented by formula XI1 into 
the amine XI11 has not, thus far, been accomplished successfully. De- 
methylation of this thiazole by the action of hydriodic and hydrobromic 
acids leads to the formation of the base XIII, but this has not been obtained 
thus far in a state of purity. For this reason no constants for this com- 
pound are reported. The study of this interesting compound and several 
of its derivatives is being continued. The experimental data characterizing 
the diierent thiazoles prepared are recorded in Table 11. 

Experimental Part 
3,CDiiethoxythiobenzamide (CHsO)eCsHsCSMH2.-This was prepared by heating 

veratrol nitrile with an alcohol solution of hydrogen sulfide in an iron bomb a t  100" 
and was easily obtained in a yield of 90% of the theoretical. The amide crystallizes 
from alcohol in the form of prisms or needles melting at  183'. I t  is difficultly soluble in 
alcohol, acetone and benzene and practically insoluble in water. Alcohol is the best 
solvent for crystallization. 

Anal. Calcd. for CoHllOzNS: N, 7.10. Found: N, 7.08,7.02. 
Preparation of the Hydrazide, VIIL-This is easily obtained by heating the pro- 

pionate VII in alcohol solution with the required amount of 40% hydrazine hydrate 
solution for twelve to fifteen hours. Conversion to the corresponding azide is ac- 
complished by diazotization in acetic acid solution. This compound is a very unstable 
compound when heated above its melting point. By warming the azide in dilute acetic 
acid solution, almost the theoretical yield of the urea X is obtained. The following steps 
of the synthesis leading up to the amine XI1 from this urea do not present any experi- 
mental difficulties. 

Demethylation of the Amine, XU-Thus far, conversion of this compound into the 
hydroxyl compound XI11 has not been accomplished successfully. Refluxing with 
hydriodic and hydrobromic acids leads to complete demethylation, but the base formed 
is very susceptible to oxidation and the solutions take on a very dark color during the 
digestion process. Neutralization of the hydrobromic acid solution by potassium hy- 
droxide causes separation of the amine as an oil, which dissolves immediately when the 
solution is made alkaline. The base was extracted with ether and dried over sodium 
sulfate. On evaporating the solvent, a brown resinous substance was obtained which 
could not be distilled without decomposition and also showed no signs of crystallization. 
Further attempts are being made to purify this base and separate it if possible in the form 
of its hydrochloride. 

Summary 
1. 3,4-Dimethoxythiobenzamide has been prepared. This interacts 

smoothly with dichloro-acetone to form 2-(3,4-dimethoxypheny1thiazole)- 
4-chloromethyl. 

2. This chlorothiazole compound has been transformed by a series of 
standardized reactions into the new bridged thiazole arnine 2-(3,4-di- 
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methoxyphenylthiazo1e)-4-ethylamine. The further study of this base is 
being continued with the object of developing a practical synthesis of the 
bridged thiazole derivative of 3,4-dihydroxyphenylethylamine represented 
by formula I1 in this paper. 

3. Ten new thiazole derivatives have been described. 
NEW HAVEN, CONNECTICUT 

[CONTRIBUTION FROM THE SCHOOL OF CHEMISTRY OF THE UNIVERSITY OF MINNESOTA] 

STUDIES ON THE POLYMETHYLBENZENES. IV. THE 
PREPARATION AND PHYSICAL PROPERTIES OF 

PURE PSEUDOCUMENEl 

The work reported in this paper is a continuation of a research which has 
for one of its immediate purposes the separation of the isomeric liquid 
hydrocarbons which result from the methylation of xylene by the method of 
Friedel and  craft^.^ In the previous papers reports were made on the pure 
tetramethylbenzenes, and on penta- and hexamethylbenzenes. This paper 
deals with pseudocumene (1,2,4-trimethylbenzene), and reports the 
preparation and purification, together with the freezing point, refractive 
index and vapor pressure curve of a very pure sample. 

Pseudocumene has been obtained from petrole~m,~ but the commercial 
source is coal tar.4 However, pseudocumene obtained in this way is always 
contaminated with mesitylene, and it is very doubtful whether a specimen 
of the pure hydrocarbon has ever been obtained from any of these sources. 

Synthetic pseudocumene has been made in several ways, but the yields 
were always low and, in addition, most of the methods are open to the 
objection that isomeric by-products might result. Thus Jacobsen5 reports 
that if phorone is heated with phosphorus pentoxide or zinc chloride, some 
pseudocumene results, but if concd. sulfuric acid be used, only mesitylene 
results. The decomposition of camphor by zinc chloride is reported to give 
pseudocumene6 but these syntheses do not give pure products, nor good 
enough yields for purposes of preparation. 

1 Abstracted from a thesis by Axel P. Lund, presented to the Graduate Faculty 
of the University of Minnesota, in partial fulfilment of the requirements for the degree 
of Master of Science. 

Smith and co-workers, I, THIS JOURNAL, 51, 2994 (1929); 11, 51, 3001 (1929); 
111, 52, 1998 (1930); also 48, 1413 (1926). 

3 Engler, Ber., 18,2234 (1885); Markownikow, Ann., 234, 97 (1886). 
4 Jacobsen. Ber., 9, 256 (1876); Ann., 184, 179 (1877); Schultz and Herzfeld, 

Ber., 42,  3602 (1909). 
6 Jacobsen, ibid., 10, 855 (1877). 
6 R. Fittig, KiSbrich and Jilke, Ann., 145,140 (1868); Reuter, Ber., 16,626 (1883). 
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Paul Jannasch, and others7 have prepared pseudocumene by treating 
bromoxylenes with methyl iodide and sodium, or by treating dibrorno- 
toluenes with the same reagents, but in every case there is question as to 
the purity of the aromatic bromo compounds, and the yields of pseudo- 
cumene were very low. 

B. p., O C .  (corr.). 

Fig. 1.-Vapor pressure curve for pseudocumene. 

While the direct methylation of the xylenes using aluminum chloride and 
methyl chloride has been used to prepare pseudocumene, such a method 
always gives a mixture and none of the specimens prepared in this way 
were pure. This is because the methylation in the presence of aluminum 
chloride is reversible, and methyl groups are eliminated as well as intro- 

7 Jannasch, Ann., 1'76, 283 (1875); E. and R. Fittig, ibid., 139, 187 (1866); R. 
Fittig and Laubinger, ibid., 151, 258 (1869); R. Fittig and Jannasch, ibid., 151, 291 
(1869); Jannasch, ibid., 176, 283 (1875). 
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duced, so that the final result will depend upon many factors; but in every 
case the product is a mixture of substances, and very little is known about 
the way in which various factors influence the result. About the only 
generalization that can be safely made is that ortho methylation apparently 
occurs in very small amounts: that is, of the trimethylbenzenes formed, 
very little will be the 1,2,3-isomer, and of the tetramethylbenzenes, the 
1,2,3,4-isomer will result in least amount.8 

The one synthesis in the literature which might be made to give pure 
pseudocumene in fair yields is that of Haller? who started with pseudo- 
cumidine, a solid, which could be obtained in a pure state. This was 
diazotized, and then reduced to the hydrazine, after which the hydrazine 
group was eliminated by boiling with a solution of copper sulfate. Haller 
gives the boiling point of his product as 169-170' (corr.), but does not 
mention the over-all yield nor the amount of material he prepared. His 
synthesis was used to prepare pseudocumene in 1919 by Auwersl10 who gave 
the boiling point as 16g0 and n2 as 1.5046. 

All the other samples of pseudocumene which have been used for the 
determination of physical constants were commercial products, and nothing 
is known as to their method of preparation.'" 

Preparation of Pseudocumene.-The preparation of pseudocumene for 
this work involves the following series of reactions 

Starting with pure xylidine, the series gives intermediates which. are easily 
purified. No rearrangements are involved, and the only trimethylbenzene 
which can result from these reactions is pseudocumene. Some xylene is 
formed, due to the reducing action of the Grignard reagent, but this is 
easily separated by fractional distillation.12 

8 See papers I, I1 and I11 in this series; also Smith and Dobrovolny, THIS JOURNAL, 

48, 1420 (1926); Friedel and Crafts, Ann chim. phys., 1,449 (1884); Ador and Rilliet, 
Ber., 11, 1627 (1878); 12,329 (1879) ; Jacobsen, ibid., 9,256 (1876); 10, 1009 (1877); 
14,2624 (1881); 18,338 (1885). 

9 Haller, ibid., 18, 89 (1885). 
lo Auwers, Ann., 419, 99 (1919). 
11 (a) Auwers and Miiller, Ber., 44, 1606 (1911); (b) Landolt and John, 2. physik. 

Chem., 10, 303 (1892); (c) Briihl, J. prakt. Chcm., [2] 50, 142 (1894); (d) Perkin, J. 
Chem. Soc., 67, 1249 (1896); (e) Woringer, 2. physik. Chem.. 34,263 (1900). 

12 While this paper was being written, the paper of Maxwell and Adams [TE~s 
JOURNAL. 52, 2962 (1930)) appeared, in which these authors prepared pseudocumene 
from m-xylene by bromination, followed by conversion of the bromo-m-rylene topseudo- 
cumene through the Grignard reagent. Their yield of pseudocumene, based upon 
the m-xylene, was about 40%, as compared with our over-all yield of about 30%. 
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Experimental Part 
&Amino-1,3-dimethylbenzene.-This was obtained from the Eastman Kodak 

Co., and was distilled immediately before using; b. p. 111' a t  18 mm. Practically 
all of the sample showed a constant boiling point. 

4-1od0-1,3-dimethylbenzene.~g-In a 3-liter round-bottom flask are placed 200 g. 
of concd. sulfuric acid, 1500 cc. of mte r  and 121 g. (1 mole) of xylidine. The mixture 
is warmed on the steam-bath until all of the xylidine sulfate dissolves, and is then 
cooled to 0'. with stirring to produce small crystals. To the cold solution is added a 
solution of 69 g. of sodium nitrite in 200 cc. of water with stirring and coding. (The 
temperature should not be allowed to rise above +5'.) An excess of nitrous acid should 
be used, and after about 80Yo of the sodium nitrite is added, the starch-potassium iodide 
test should be applied. It should be positive for fifteen minutes after an excess of sodium 
nitrite has-been added. When enough sodium nitrite has been supplied, a solution of 
250 g. of potassium iodide (30% excess) in 300 cc. of water is gradually run in, with 
stirring and cooling. The temperature of the mixture is kept a t  5-10' for twenty-four 
hours and then allowed to come to room temperature. The iodo compound settles to 
the bottom as a black, oily layer. The mixture is allowed to stand for a day a t  room 
temperature, and is finally warmed on the steam-bath until effervescence ceases. The 
mixture is then made strongly alkaline, stirred and the aqueous layer siphoned off. The 
dark oil is again treated with alkali, after which it is steam distilled. The orange colored 
oil is separated from the water, dried over calcium chloride and distilled in vacuo; 
b. p. 105-106" a t  5 mm.; 10&llOO a t  10-12 mm.; 124-126' a t  28-30 mm. Runs were 
made in 0.5, 1.0, 1.5 and 2.0 molar quantities, the yields running from 69.0 t o  82.7y0, 
with an average yield of about 75% for 1.0 molar quantities. Two important factors 
which influence the yields very much are the amount of potassium iodide used and the 
time of the reaction. An excess of about 30% of potassium iodide and very slow raising 
of the temperature after the potassium iodide has been added give the best yields.'' 

Pseudocumene.-The iodoxylene was converted to pseudocumene using the method 
already described for the preparation of isodurene.16 The product is worked up in the 
same way: the excess diiethyl sulfate is destroyed with alcoholic alkali and, after 
washing out the alcohol and alkali, the oil is dried over calcium chloride and then warmed 
with sodium shavings to remove the last traces of halogen compounds. The oil is then 
filtered from the sodium and distilled in vacuo using a long packed column with a double 
jacket. Grignard reactions were carried out using 0.5 to 3.0 molar quantities, but the 
yields do not differ very much from the smaller to larger runs. The material from six 
different runs, totaling 1l3/a moles of iodo compound, was combined and fractionated 
three times, with the results shown in Table I. 

FRACTIONATION OF CRUDE REACTION PRODUCT 
Fraction B. p., OC. Pressure, mm. Wt., g. * Yield, O / ,  

I m-Xylene Up to 45 16 346 28.5 
I1 Intermediate 47.7-67.2 21-22 18 . . 
I11 Pseudocumene 68-68.5 22 503 37 
IV Residue in flask . . . . . . . . . . Very small . . 

la See also Hammerich, Be7., 23, 1634 (1890); Willgerodt, ibid., 33, 842 (1900). 
l4 I t  is very interesting in this connection that we were unable to make the corre- 

sponding bromo compound from xylidine using the Sandmeyer reaction. The product 
is chiefly xylenol and the yield of bromo compound is very small. 

1SSmith and MacDougall, THIS JOURNAL, 51, 3003 (1929); Smith, "Organic 
Syntheses," John Wiley and Sons, Inc., New York, 1931, Vol. XI. 
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About a third of the material is lost in the synthesis, probably as m-xylene which is 
very difficult to hold in a receiver under vacuum. That Fraction I is m-xylene was shown 
by converting a sample of it to the dinitro compound, m. p. 92-93O, and the trinitro 
compound melting at 181.5-182 ". 

In  order to  get a very pure sample for the determination of physical constants, 
Fraction I11 was refractionated, cutting off the first and k a l  fourths and taking only 
the middle half. Then the process was repeated, using as starting material the middle 
half from the previous fractionation, and again cutting off the first and final fourths. 
This gave 125 g. of pseudocumene having a constant boiling point of 68.0" a t  22 mm., 
but all the fractions of the pseudocumene boiled over a range of about 0.5'. 

A further attempt to purify the hydrocarbon by making the picrate and recrystal- 
lizing this was a failure because the picrate of the substance is too soluble and has too 
low a melting point to be of any use for purification purposes. 

The Vapor Pressure Curve of Pseudocumene.-There is, apparently, 
only one study on the vapor pressure of pseudocumene in the literature, 
that of Woringer,16 and all the data on the vapor pressure of this substance 
in the literature are copied from Woringer's paper.17 

The method used for determining the vapor pressure curve is a dynamic 
one, and the apparatus and procedure have already been described.18 
The results are given in the form of tables and curves. The equation 

loglop = 7.0144 - 1.5014~ - 0.1447p2 (where p = 1000/T) 

'Toringer, Z. physik. Chem., 34, 263 (1900). 
17 "International Critical Tables," McGraw-Hill Book Co., Inc., New York, 1928, 

Vol. 111, p. 225; Spielmann, "The Constituents of Coal Tar," Longmans, Green & 
Co., New York, 1924, p. 62. 

18 MacDougall and Smith, THIS JOURNAL, 52, 1998 (1930). 
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fits these results fairly well. For comparison, the calculated and observed 
vapor pressures are given in the table, and the deviations are shown in the 
form of a graph. In every case Woringer's boiling points are lower than 
ours, and in the region from 5 to 100 mm. pressure Woringer's boiling points 
are too low by as much as 50" in extreme cases. In the region of higher 
pressures, Woringer's boiling points agree fairly well with ours, but are 
always too low, approaching ours more closely the higher the pressure. 

16 24 56 
Time in minutes. 

Fig. 3.-Cooling curve, freezing point of pseudocumene. 

The boiling point of pseudocumene under 760 mm. pressure is 169.34", 
calculated from the vapor pressure equation, and 169.1" by extrapolation 
of the vapor pressure curve. 

The Freezing Point of Pseudocumene.-This was determined essen- 
tially as described in connection with previous work.lg The cooling bath 
was composed of chlorobenzene (freezing point -45") to which was added 
carbon dioxide snow and ether until the bath was a t  -60°. Once this 
temperature was reached, it was easy to maintain it by adding small 
amounts of ether and solid carbon dioxide from time to time. Readings 
were taken every minute and the results are shown graphically in Fig. 3, 
The freezing point of pseudocumene is -45.00 * 0.05" corr. 

l9 Smith and MacDougall, THIS JOURNAL, 51,3005 (1929). 
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B. p.. OC. 
(corr.) 

47.1 
57.6 
61.6 
73.1 
89.1 
92.0 
98.6 
99.6 

105.0 
111.1 
115.1 
122.6 
127.7 
130.8 
134.9 
140.1 

TABLE I1 
VAPOR PRESSURE DATA FOR PURE PSEUDOC~ENE 

P, obs. B. p., "C. P, obs. 
(mm.) P, calcd. Deviation (corr.) (mm.) P, calcd. 

7 8.207 -1.207 143.3 373.7 375.2 
13 14.16 -1.16 147.0 417.2 416.2 
15.5 17.27 -1.77 150.1 458.2 455.8 
28.0 30.09 -2.09 152.1 483.7 482.1 
56.0 58.37 -2.37 154.4 516.2 513.4 
63.0 65.55 -2.55 156.2 543.7 539.3 
83.0 84.70 -1.7 158.1 573.3 567.9 
86.5 87.96 -1.46 159.2 583.8 584.9 

106.0 107.5 -1.5 159.9 594.3 595.8 
132.0 133.7 -1.5 160.9 612.3 612.1 
152.5 150.1 +2.4 161.9 628.8 6282 
196.6 197.7 -1.1 162.3 636.3 635.0 
231.6 233.1 -1.5 164.3 669.8 667.7 
255.1 257.2 -2.1 165.9 698.8 697.6 
290.6 291.9 -1.3 167.8 738.8 732.3 
341.6 341.5 +0.1 

Deviation 

-1.5 
+1.0 
$2.4 
+ l .6  
+2.8 
+4.4 
+5.4 
-1.1 
-1.5 
+0.2 
+0.6 
+1.3 
+2.1 
+1.2 
+6.5 

Refractive Index.-Previous determinations, recorded in the literature, 
for the refractive index of pseudocumene are Auwers,lo ng 1.5046; Auwers 
and Miiller,"" nE9 1.50780; Landoldt and ~ o h n , " ~  nZ7 1.5072; and 
~ ~ ~ ~ h l , l l c  n21.8 1.50441. All our fractions of pseudocumene, after the 
second distillation, gave the value ng 1.5032 (AbbC refractometer). 

Summary 

1. A new method has been devised for preparing pseudocumene in 
quantity and fairly cheaply. The method gives a product free from any 
isomeric by-products. 

2. The vapor pressure curve, freezing point and refractive index of a 
very pure specimen of pseudocumene have been determined. 
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The only primary aliphatic amines whose pyrolysis has been studied are 
ethylamine and propylamine. The former has been investigated at 500, 
700 and 1000° over kaolin by Upson and  sand^.^ At the lower tempera- 
tures the major primary reaction is the formation of acetonitrile and hydro- 
gen, along with the not inappreciable production of ethylene and ammonia. 
The products a t  1000° are stated to be hydrogen, nitrogen and butane. 
Miiller3 found that a t  1240° the products are hydrogen cyanide a?d 
methane. From n-propylamine a t  700°, Upson and Sands obtained pro- 
pionitrile, hydrogen cyanide, ammonia, ethylene, propylene, hydrogen and 
nitrogen. 

In  the present investigation, an experiment with ethylamine a t  600' 
was carried out but our major interest was a t  higher temperatures. Several 
runs were made a t  890-900' (furnace temperature of 980°), and in these 
the contact time was varied from one second to 300 seconds. 

Acetonitrile was found a t  600' but not a t  900°. Hydrogen cyanide was 
always present a t  the higher temperature, but only a small amount of 
ammonium cyanide was noticed when the contact time was in excess of 
one minute. No cyanogen was formed whatsoever. The effect of contact 
time on the yield of ethylene a t  900° is marked. With a contact time of 
one second the ethylene content of the gases was 10.3%; with 15.5 seconds, 
5.0%; with eighty seconds, 0.5%; and with longer durations, no ethylene 
a t  all. This agrees with Bone and Coward's4 statement that ethylene is 
nine-tenths decomposed in one minute a t  950°, chiefly into methane and 
hydrogen. 

In experiments with a kaolin-packed tube (as in Upson and Sands' 
experiments), the formation of appreciable volumes of carbon monoxide 
was observed. This is not a new type of observation for Bone and Cowards 
noticed carbon monoxide formation in the high-temperature pyrolysis of 
methane in a porcelain tube. These authors mention that i t  is impossible t o  
avoid reduction of the porcelain by carbon a t  temperatures above a red glow. 

In the theoretical treatment of Upson and Sands' paper it is stated that  
the primary dissociation of ethylamine yields the ethylidene radical and 
ammonia: C H P C H ~ N H ~  -+ CH3CH= + NH3. The ethylidene was 
regarded as the precursor of ethylene (by rearrangement), of ethane (by 

1 Du Pont Fellow during 1929-1930. 
a Upson and Sands, THIS JOURNAL, 44,2306 (1922). 
Wuller, Bull. sac. chim., (21 45, 439 (1886). 
* Bone and Coward, J. Chem. Sac., 93, 1216 (1908). 
Ref. 4, p. 1206. 
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hydrogenation) and of butane. Regarding the latter it is stated: "Butane 
was the chief hydrocarbon formed a t  1000°. This must have been formed 
by the union of 2 ethylidene radicals and 2 atoms of hydrogen as in the 
Wurtz reaction: 2CH3CH= + 2H -+ C4H10." 

The data of Upson and Sands appear to show that at  1000° 32.9 g. 
(26.9 g. C and 6.0 g. H) of butane was formed per 100 g. of ethylamine 
decomposed. To be sure, the stated ratio of 26.9 g. C to 6.0 g. H, or 4.48 
to I, corresponds fairly well to the value for butane which is 4.8 to 1. 
However, it agrees even more closely to the C-H ratio in propane, which is 
4.5 to 1. Because of subsequent work wherein i t  has been demonstrated 
that both n- and i-butane are rapidly decomposed6 a t  temperatures far 
below 1000°, namely, at  650-700°, it seemed to us that this recorded 
synthesis of butane from ethylamine a t  1000° was of sufficient theoretical 
importance to merit further study. 

In our work butane was searched for under a wide variety of conditions at  
900-1000° but none was ever found. Attempts to condense it at  -78' 
from the gaseous products were fruitless, though butane had been shown to 
condense in this manner even if highly diluted. Furthermore, in our 
analyses of the paraffin gases of the reaction, methane rather than butane 
was indicated. The value of n in the hydrocarbon formula, CnHPn + 2, 
was only slightly greater than unity (1.02-1.15). 

Benzy1amine.-Benzylamine was subjected to different temperatures 
for various lengths of time. Its stability is evidenced by the fact that 
heating a t  275-300' for several hours produced no change. It was also 
found to be stable at  545' with a contact time of about one minute With 
the use of a temperature of 630' and a contact time of 160 seconds, pyrolysis 
into benzene, toluene, benzonitrile, hydrogen cyanide and ammonia was 
effected. Much unchanged benzylamine was apparent when a contact 
time of forty-nine seconds at 700' was chosen. The other products were 
benzene, toluene, gas and only a trace of benzonitrile. 

Mechanism of the Pyrolysis.-In certain respects the behavior of 
ethylamine and benzylamine at  high temperatures is strictly comparable. 
The formation of acetonitrile and hydrogen from the former is analogous 
to the production of benzonitrile and hydrogen from the latter. So also, 
the formation of methane, hydrogen cyanide and hydrogen from ethyl- 
amine has its parallel (in benzylamine) in the production of benzene, 
hydrogen, cyanide and hydrogen. Both of these processes may be 
considered to proceed through an intermediate aldimide, RCH=NH, 
wherein R represents methyl or phenyl. 

A RR + HCN 
RCHzNHz --+ Hz + [RCH=NH 1 

k H z  + RCN 

8 Pease, THIS JOURNAL, 50, 1779 (1928); Kurd and Spence, ibid., 51, 3353 (1929). 
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Hydrogen escapes in part but presumably only in part. Reaction with 
unused amine would give rise to ammonia and either ethane or toluene 

RCHzNHz + 2H -+ RCHa + NHI 

both of which were observed. Further reduction7 of the RCI13 into RH 
(methane or benzene) and CHI worild also follow in part. 

Ethylamine is "ammono-ethyl alcohol." The analogies in the water and 
the ammonia system of compounds may be extended to  the field of pyroly- 
sis. Alcohol, on pyrolysis, undergoes reactionss of dehydration and of 
dehydrogenation 

CHJCHZOH / Hz + CHaCHO 
Hz0 + CHz=CHz 

Ammono-ethyl alcohol may be expected to undergo similar reactions of 
deammonation and of dehydrogenation 

H2 + [CHaCH=NH] 
CHsCHeNH* 

NH, + CH,=CH, 

The dehydrogenation reaction, leading to the aldimide and eventually to  
cyanides, has already been discussed. Equally representative of fact is 
the deammonation reaction, of which ethylene is an important reaction 
product. 

Benzyl alcohol and benzylamine are analogous compounds in the two 
systems. The former cannot lose water unimolecularly without changing 
into the phenylmethylene radical. This it evidently does not do since stil- 
bene is not formed. Bimolecular dehydration into dibenzyl ether or its 
pyrolytic products (toluene and benzaldehyde) is the reaction which has 
been re~orded.~ Similarly, no test for stilbene could be obtained in the 
pyrolysis of benzylamine. With no evidence for the phenylmethylene 
radical from this source, i t  seems equally unnecessary to postulate the ethyli- 
dene radical from the ethylamine pyrolysis. For a bimolecular deammona- 
tion of benzylamine, dibenzylamine or its decomposition products (toluene 
and iminobenzaldehyde) would be anticipated. Traces of a secondary 
amine were realized but the high temperature of the reaction practically ex- 
cluded the possibility of the synthesis of dibenzylamine. The decomposi- 
tion of the aldimide, which may thus be formed from dibenzylamine or 
directly from benzylamine, into benzene and hydrogen cyanide is evidently 
more rapid than the alternative decomposition into benzonitrile and hydro- 
gen, since only traces of benzonitrile were among the decomposition products 
from a run a t  700° with a contact time of forty-nine seconds. At 630" and 

Cobb and Dufton, Gas World, 69, 127 (1918); Fischer and Schrader, Brennstofl 
Chem., 1, 22 (1920); Hurd and Spence, THIS JOURNAL, 51,3569 (1929). 

8 Hurd, "The Pyrolysis of Carbon Compounds," The Chemical Catalog Co., 
New York, 1929, p. 150. 

Lachman, THIS JOURNAL, 45,2358 (1923). 



PYROLYSIS OF ETWLAMINE 
Run number 2 3 4 5 6 7 8 9 10 11 
Size of sample, g. 7.0 3.5 7.0d 5.6 10.5~ 10.5 10.5 10.5 10.5 9.8 
Tube filliing  one^ None" k k k Kaolin cubes Kaolin cubes Kaolin cubes None 
Inside temp., OC. 600b 890 890 895 890 890 900 900 900 900 
Contact time, sec. 300 122 130 162 23.2 15.5 77 81 &1: 1.08 
C&CN and NH4CN formed, g. 2.25' . . . . 0.25j . . 3.4" 0.16 0.34 0.21 3.35" 
Gas collected (S. T. P.), cc. 1760 2060 5870 2940 7540 4950 8640 10,200 10,800 7640 8 

M 
Gas analysis, O/o by volume wl 

Hydrogen 
u 

52.1 51.2 76.2 72.4 70.1 51.6 60.9 73.2 74.4 
Unsatd. hydrocarbons None None None None 0.6 5.0 0.5 None 0.7 
Paraffins 4.9 16.8 11.2 3.7 2.8 3.2 12.8 9.4 6.6 

;::: j 
33.0 u 

n = 1.15 n = 1.02 n = 1.15 n = 1.02 + 
Carbon monoxide None None None None None None 5.0 5.9 5.9 1.0 
Nitrogen 39.3' 30.0' 9.6 22.3 26.3 39.2 17.3 9.3 11.2 3.7 

3 
Gases liquefied a t  -80°, g. 0.2' 1.0' Not 0.0 0.0 0.0 0.0 ... 0.0 0 0 

used 
6 * u 

Calcd. weight of products from 100 g. of ethylamine, g. r' 
Unsatd. hydrocarbons (as GH4) . . . . . . . . 0.54 2.94 0.52 None 0.90 10.0 
Hydrogen 1.17 2.71 5 74 3.51 4.52 2.18 4 50 6.37 6.85 3.52 5! 
Nitrogen . . .. 10 00 14.7 23.6 23.1 17.8 11.3 14.4 3 43 
Satd. hydrocarbons (as CH4) 0.88" 707" 669" 1.39" 1.43" 1.08" 8.52 6.65 5.50 18.78 
Carbon monoxide . . . . . . . . . . .. 5.14 7.15 7.60 0.97 4 

a An iron thermocouple sheath was used in this run. It seemed to cause considerable carbonization, and was accordingly omitted in 
later runs. Indicates outside temperature. Calculated as methane. A negative search was made for cyanogen in this run. The 
off-gas was passed through concentrated hydrochloric acid. No precipitate was formed as is the case with even traces of cyanogen. Mostly 
ammonium cyanide. A small amount of tar was formed in the reaction tube. Not freed from the nitrogen used before the run. In 
this and in the following runs considerable carbonization was noted. ' This consisted of 2.0 g. CHaCN and 4.25 g. NHICN. This is all 3 
NH.CN. The filliig here consisted of porcelain chips coated with kaolin. ' This condensate boiled above room temperature and thus 
was not butane. cn 03 
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160 seconds, however, benzonitrile was an important product. With 
ethylamine, a similar phenomenon was noticed, for the proportionate 
yield of methane was far greater in a run of 900' and one second than a t  
900' and fifteen seconds. 

Thus, the primary equations for the pyrolysis of benzylamine may be 
summarized as follows 

CsHsCHzNHz -+ Hz + [C~HF,CH=NH 1 
2CsH6CKzNHa -+ NHa + CeHaCH8 + [CeH&H=NH] 

These reactions are followed by reduction and by decomposition of the 
aldimide 

/ CaHe + HCN 
[CsHsCH=NH] 

Ho + CdHaCN 

Experimental Part 
Ethylamhe.-The data obtained from pyrolysis of ethylamine are shown in Table 

I. One experiment a t  an "outside temperature" of 500" is not listed, since no pyrolysis 
occurred. A brief summary of experimental details will serve to make clear the means of 
arriving a t  these results. 

Apparatus.-An empty pyrex tube was used for the decomposition of ethylamine 
a t  500 and at  600". For the 89&900° temperatures a quartz tube of 2 cm. diameter 
was employed. In  Run 11 a quartz tube with a diameter of 0.55 cm. was used in order 
to obtain a short time of contact. The temperatures were obtained by the use of a po- 
tentiometer and a calibrated chromelalumel thermocouple. In one instance an iron 
thermocouple sheath was present, but it was omitted in later runs on account of its 
tendency to increase carbonization. In four runs a filling of porcelain chips coated with 
kaolin was present; in three runs small cubes of kaolin were used. An ordinary gas 
combustion furnace was suitable for the lower temperatures but a Hoskins electric 
furnace with an effective heating length of 25 cm. was used in the vicinity of 900 ". 

Liquid ethylamine was pushed into the reaction tube from a 25-cc. graduated cap- 
sule in an ice-salt bath by displacement with mercury. In this manner the rate of feed 
could be easily controlled. The off gas first passed through a U-tube cooled in an 
ice-salt bath to about - 10". This served to collect ammonium cyanide, acetonitrile 
and the greater part of any unchanged amine. Next in the train was a gas washing 
bottle containing 200 cc. of hydrochloric acid of such concentration as to be equivalent 
to more than the total base used. The gases were then dried by passing them through a 
15-em. calcium chloride drying tower and a U-tube containing dehydrite. To  condense 
any butane in the previously dried gases, a spiral condenser held a t  -78' by a mixture 
of acetone and solid carbon dioxide in a Dewar flask was used. This condenser was so 
constructed that any condensate could be volatilized and analyzed as a gas. It is of the 
type described by H. S. Davis.lo Under the conditions used, butane could be readily 
condensed from 2-liter samples containing 10% by volume and detected as a liquid 
when only 5'3, was present. Finally, the residual gas was collected over water in 2.5- 
liter bottles. The connections used were of rubber tubing with extra heavy walls. 

Procedure.-The ethylamine was Eastman's anhydrous product. The filling used 
in Runs 4 to 7, inclusive, was prepared by wetting porcelain chips and rolling them in 
kaolin. The Illling for Runs 8 to 10, inclusive, was made by grinding kaolin into a stiff 
paste with water, spreading it on a plate and cutting it as it dried into cubes about 5 mm. 

lo Davis, I d .  Eng. Chem., Anal. Ed., 1, 61 (1929). 
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on an edge. In order to insure that the filling did not contain moisture, the tube was 
heated to 500 O along the filled length while a stream of dry nitrogen was passed through. 
The volume of the filling was determined after the run by pouring it into a graduated 
cylinder ~ a r t l y  full of water and noting the volume increase. Before each experiment: 
the whole train was swept out with dry nitrogen. 

The furnace used was thrown directly on the line and carried a practically constant 
current during the run. The temperatures were taken inside the tube at  the end of the 
operation and, as can be seen from the table, varied from 890 to 900°. These corre- 
spond to a temperature outside the tube of 980". 

Cyanide was tested for in the usual way by boiling an alkaline solution of the sample 
with ferrous sulfate and ferric chloride solutions, and then acidifying to obtain Prussian 
blue. 

In  Run No. 2, the only one made a t  600°, 2 g. of acetonitrile, b. p. 79-80', was 
definitely identified. 

In  Run No. 4 cyanogen was tested for by passing the off gas through concentrated 
hydrochloric acid. No oxamide was obtained, as is the case when even traces of cyano- 
gen are present." 

Benzy1amine.-Benzylamine from Eastman Kodak Company was used. In 
sealed tube experiments this material was recovered practically unchanged after five 
hours of heating at 275" and eight hours at  300'. In the latter experiment, however, a 
positive test for secondary amine was obtained by Liekrmann's nitroso reaction. Using 
the flow method through a pyrex tube, benzylamine was also recovered unchanged at  
535" with a contact time of fifty-four seconds. 

Pyrolysis at 630°.-Fifteen grams of benzylamine was allowed to run very slowly 
during 8.25 hours from a dropping funnel into a 50-cc. distilling flask heated a t  270" in a 
fused salt bath. The arm of the distilling flask was connected to an unfilled pyrex tube 
(1.1 X 60 cm.) heated to 630' in a gas combustion furnace. The thermocouple was 
encased by a small pyrex tube within the main reaction tube. The products were con- 
densed in a 25-cc. distilling flask surrounded by an ice-salt bath. A U-tube, at  the same 
temperature and in series with the first receiver, collected nothing. The system was 
swept out with nitrogen before the run. 

A contact time of 160 seconds was used. From a 15-g. sample were obtained 13.1 
g. of liquid product and about 1500 cc. of gas insoluble in water. Hydrogen cyanide 
and ammonia were also evolved. Distillation of the liquid product gave 20 g. of benzene 
boiling up to 90'; 2.28 g. at  90-103° (mostly at  102') identified as toluene; 1.38 g. of a 
mixture of products at  103-185'. Continuation a t  50 mm. gave 2.85 g. a t  102'. iden- 
tified as benzonitrile through evolution of ammonia and formation of benzoic acid 
on boiling with potassium hydroxide solution; a t  102-190°, 0.90 g., one-third of which 
was identified as benzylamine. A dark mobile residue remained in the flask. Qualita- 
tive tests failed to show the presence of lophine or stilbene, which are listed as pyrolytic 
products12 of di- and tribenzylamine. 

The gas contained 81.5y0 hydrogen, 2.0% carbon monoxide, 6 Oyo saturated hydro- 
carbons (n in CnH2, + 2 = 1.22) and 10.5yo nitrogen. 

Pyrolysis at 700 '.-A 30-g. sample of benzylamine was displaced by mercury from 
a graduated capsule into a vertical pyrex tube heated in a multiple unit electric furnace 
held a t  700" by a Leeds and Northrup recording controller. The time was fifty-eight 
minutes, the tube 2.1 X 90 cm., giving thus a contact time of 49.4 sec. The bottom of 
the reaction tube was sealed to a piece of smaller bore. The latter extended into a 100-cc. 

" Mulliken, "Identification of Pure Organic Compounds," John Wiley and Sons, 
Inc., New York, 1916, Vol. 11, p. 226. 

l2 Limpricht, Ann., 144,307 (1867); Brunner, ibid., 151, 133 (1869). 
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distilling flask immersed in an ice-salt bath. A U-tube in series with the first receiver 
and a t  the same temperature collected nothing. The residual gas was collected over 
water. 

The weight of liquid product was 26.2 g. Distillation gave 4.3 g. of material 
boiling up to 110" at  ordinary pressure. This distillate was evidently a mixture of 
benzene and toluene as previously encountered. Distillation of the residue a t  23 mm. 
gave a product a t  8685' which weighed 18.1 g. While it possessed the characteristic 
odor of benzonitrile, i t  gave practically no benzoic acid on hydrolysis with potassium 
hydroxide. Treatment of 1.8 g. with 35 cc. of 2 N potassium hydroxide and 5.0 g. of 
p-totuenesulfonyl chloride gave 3.7 g. of p-toluenesulfonebenzylamide, corresponding to 
the yield from a pure sample. The derivative melted at  117O on recrystallization from 
methyl alcohol, and a mixed melting point with an authentic sample confirmed its 
identity. 

Three liters of gas was collected which, by volume, was 68.8% hydrogen, 10.1% 
saturated hydrocarbons (n = 1.09). 11.3% nitrogen, 2.3% carbon monoxide, 4.4% oxy- 
gen and 0.1% carbon dioxide. 

Preparation of p-Toluenesulfonebenzylamide.-A mixture of 5.4 g. of benzylamine, 
18 g. of p-toluenesulfonyl chloride and 100 cc. of 2 N potassium hydroxide was allowed to 
stand overnight. After acidification of the mixture with 3 N hydrochloric acid, the 
solid material was filtered off. It was then boiled for five minutes with 75 cc. of 2 N 
potassium hydroxide, cooled and filtered. (A precipitate often forms here even when the 
hot alkali has given a clear solution; accordingly the separation must be applied with 
caution in the case of benzylamine mixtures. The treatment of alkali-insoluble material 
with sodium ethoxide should never be omitted. The solution was made by dissolving 
0.4 g. of sodium in 10 cc. of 95% alcohol for each gram of base used. Under the con- 
ditions the primary amine derivative is soluble.) The filtrate was acidified with hydro- 
chloric acid and the product filtered off. 

The crude weight was 9 g., 69% of the calculated amount. Purification was ef- 
fected by one or two crystallizations from methyl alcohol, using bone black. The pure 
product melted at  117.8' (llgO, corr.). 

Anal. Subs., 0.4478, 0.4101 : 0.1311 N HC1, 13.06, 11.88. Calcd. for CMHI~O~NS: 
N.5.36. Found: N,5.34,5.33. 

Preparation of p-Toluenesulfonedibenzylamide.-p-Toluenesulfonedibenzylamide 
was also prepared for purposes of comparison. A mixture of 2 g. of benzylamine and 3 g. 
of benzyl bromide was allowed to stand for three hours. A crystalline hydrobromide 
separated. Without any preliminary separation, 40 cc. of 2 N potassium hydroxide 
solution and 6 g. of p-toluenesulfonyl chloride were added. The mixture was allowed to 
stand overnight and was worked up in the usual way. The alkali-insoluble material 
was treated with sodium ethoxide. The residue from this operation was crystallized 
from methyl alcohol accompanied by treatment with charocoal. I t  formed small white 
needles, melting a t  80.8 ' (81.3 ", corr.). 

Anal. Subs., 0.5526: 0.1311 N HC1, 12.06 cc. Calcd. for CXHZIO~NS: N, 3.99. 
Found: N, 4.01. 

Summary 

The subjection of ethylamine to a temperature of 600° has been found 
to produce largely acetonitrile and hydrogen. Some ethylene, ammonia, 
hydrogen cyanide and methane were also produced. 

A number of pyrolyses of ethylamine a t  890-900°, inside temperature, 
or 980' outside temperature, have been carried out with various tube 
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fillings and contact times. No butane was found in any instance although 
especial search was made for it because its presence has been inferred by 
other investigators. With a contact time of one second, the gas produced 
carried 10.3Yo ethylene; 15.5 seconds, 5.070; eighty seconds, 0.5 per cent; 
with longer contact time, none a t  all. Hydrogen cyanide was always 
present a t  890-900°, but only traces of ammonium cyanide or acetonitrile 
were noted except in a run made with a contact time of one second. In 
this particular run the saturated hydrocarbon content was also unusually 
high. Cyanogen is not a product of the pyrolysis. 

Benzylamine was unchanged on being heated for several hours a t  275- 
300' in a sealed tube. I t  was, furthermore, almost unchanged a t  535O 
with a contact time of fifty-four seconds. 

Benzylamine decomposed in 160 seconds at  630' to give benzonitrile, 
benzene, toluene, saturated hydrocarbons, hydrogen, hydrogen cyanide and 
traces of secondary amine. A mechanism for the reaction has been pro- 
posed. 

p-Toluenesulfonebenzylamide and fi-toluenesulfonedibenzylamide have 
been synthesized and characterized. 

EVANSTON, ILLINOIS 

[CONTRIBUTION FROM THE DEPARTMENT OF C~EMISTRY OF DUKE UNIVERSITY] 

RESEARCHES ON CHLORIMINES. 11. SOME NEGATIVELY 
SUBSTITUTED AROMATIC ALD-CHLORIMINES 

A recent communication2 from this Laboratory has described the prepa- 
ration and properties of o-chlorobenzalchlorirnine and anisalchlorimine. 
It has been shown that the latter compound undergoes spontaneous de- 
composition more rapidly than does the former, according to the general 
equation RCH=NCl = RCN + HC1. This difference in rate of de- 
composition of these compounds suggests that the nature of a substituent 
group in an aromatic ald-chlorimine may be an important factor in its 
stability. 

In  the present investigation a number of aromatic ald-chlorimines 
have been prepared with the purpose of studying the effect of the presence 
of substituent groups on the stability of these compounds as well as ex- 
tending the list of readily available ald-chlorimines to be used in subse- 

This paper is in part constructed from portions of a thesis presented by A. 
Gillaspie in partial fulfilment of the requirements for the degree of Master of Arts in 
the Graduate School of Arts and Sciences, Duke University. 

a Hauser and Hauser, THIS JOURNAL, 52,2050 (1930). It should be mentioned that 
Raschig seems to have condensed anisaldehyde with monochloramine but no details 
are given; Raschig, "Schwefel und Stickstoff-Studien," 1924, p. 80. 
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q u s t  vork. Excellent yidds of certain chlorimines have been obtained 
within a few minutes by reaction of aldehydes in ethereal solution with 
monochloramine in cold aqueous solution. A comparison of the tem- 
peratures a t  which the purified chlorimines decomposed when heated 
gradually, and of the rates of decomposition at 30°, showed that  certain 
ones were more stable than others, but since the decompositions are ap- 
parently catalyzed by impurities and reproducible results were not ob- 
tained in several cases, only a general classification of these compounds 
seems warranted a t  this time. In general, anisal-, o-methoxybenzal-, 
piperonal- and o-nitrobenzal-chlorimines comprise a relatively unstable 
class as compared with o-chloro-, p-chloro-, p-bromo- and 2-chloro-5- 
nitro-benzal-chlorimines. 

Experimental 

Preparation of Ald-chlorimines from Solid Aldehydes.-Although several ald- 
chlorimines have been prepared by using alcohol as solvent, they were generally best 
prepared when solid aldehydes were used by vigorously shaking an ether solution of the 
aldehyde with a cold aqueous solution of monochloramine. By this method all of the  
aldehydes studied, with the exception of one, were rapidly converted into the corre- 
sponding chlorimines in 80-90% yields. The exception was p-dimethylaminobenzal- 
dehyde which, when allowed to react with monochloramine by the method described 
below, was recovered in great part unchanged. However, when alcohol was used as  
solvent a small amount of dark colored material, which appeared t o  consist of some 
unstable chlorimine, was obtained. This was not further studied in this investigation. 

The following method was adopted for the preparation of the chlorimines from solid 
aldehydes. An ether solution3 of the aldehyde was vigorously shaken with three times 
the calculated amount of freshly prepared cold alkaline monochloramine4 solution (1 N )  
containing crushed ice. A milky mixture or emulsion was formed almost immediately, 
and usually within a minute or two a precipitate was produced. After shaking for sev- 
eral minutes or until the solid material had coagulated sufficiently, the product was 
filtered and washed thoroughly with cold water. A yield of more than 85% of crude 
chlorimine was usually obtained. 

Recrystallization and Analysis.-The chlorimines were best recrystallized from 
either %yo alcohol or acetone in the following manner. The sample was dissolved a t  
room temperature ( 1 8 - 2 4 O ) ,  the solution filtered and cold water added t o  the mixture 
until the precipitate which formed a t  first just redissolved on shaking. On standing in a 
cool place the product crystallized out. It was immediately filtered, dried on a porous 
plate and analyzed for active chlorine. The method of analysis previously describeda 

has been modified as follows. A sample of chlorimine weighing 0.15-0.20 g. is dissolved 
in approximately 50 cc. of 95% alcohol, cooled and 10 cc. of 10% potassium iodide solu- 
tion added. The cooled solution is then acidified with 0.5 cc. of concentrated hydro- 
chloric acid and standard sodium thiosulfate solution immediately run in until the color 
of the solution has become light yellow. Starch indicator is next added, and then suffi- 
cient water to  produce the characteristic blue color, after which the titration with thio- 
sulfate is completed. I n  cases where the sample is sparingly soluble in 95% alcohol, 

a The best results were obtained when 5-7 cc. of ether per 100 c c  of aqueous mono- 
chloramine solution was used. 

See Hauser, THIS JOURNAL, 52, 1108 (1930). 



the analysis may be conveniently carried out in acetone solution or equally well in a 
mixture of the two solvents. 

General Properties.-All of the chlorimines studied were obtained as crystalline 
compounds which underwent spontaneous decomposition yielding, as primary products, 
hydrogen chloride and the corresponding nitrile. When heated rapidly on a platinum 
foil or in a capillary tube they decomposed with a "puff" evolving a cloud of hydrogen 
chloride. The melting points and the decomposition temperatures of the chlorimines 
were determined, as soon as the compounds were dry, in the following manner. A capil- 
lary tube containing the sample was immersed in a bath which was 5-10' below the 
melting point of the substance, and the temperature raised at  the rate of 1" in five to 
eight seconds. When the temperature of the bath was raised'above the melting point 
of the substance at  about this rate, some of the compounds decomposed rather vigorously 
while in other cases the first evidence of decomposition was the appearance of a cloudi- 
ness and then a precipitate. Sometimes the melted compound frothed and rose in the 
tube before precipitating. 

Attempts to isolate stereoisomws from products which had been melted and then 
solidified again, were unsuccessful. Fractional crystallization of crude chlorimines from 
alcohol or from hydrocarbon solvents yielded no isomers. 

Piperonalchlorimine, obtained as white crystals from alcohol, melted a t  68-69" 
and precipitated at 72-77'. Sometimes the compound did not melt completely before 
precipitation began. On further heating more decomposition with discoloration re- 
sulted. 

Anal. Calcd. for CHZO&HBCH=NC~: C1, 19.33; N, 7.63. Found: C1, 19.25, 
19.20; N, 7.88. 

A sample (0.3 g.) was immersed in a bath a t  70-74' until it melted and precipitated. 
It was then cooled and pressed on a plate, after which it melted a t  58-65'. When mixed 
with some pure chlorimine the melting point was 63-67 ". Recrystallization of the ma- 
terial yielded pure chlorimine, m. p. 68-69'. When 0.5 g. of chlorimine was immersed in 
a bath a t  SOo, it "puffed" vigorously, evolving hydrogen chloride, and nitrile was iso- 
lated from the residue. The nitrile was also isolated from a sample which had been 
allowed to decompose in a desiccator containing sodium hydroxide. A small amount 
of another substance, insoluble in ether, apparently the imine hydrochloride, was also 
obtained. A sample of chlorimine left on a plate for two hours at  room temperature 
(25-27 ') melted at  66-69 " and decomposed more readily than a fresh1 y prepared product. 

o-Nitrobenzalchlorimine, obtained as pale yellow crystals from alcohol, melted at  
74-75" and frothed at 84-85'. Since the crude chlorimine soon darkens in color if al- 
lowed to remain in contact with the alkaline monochloramine solution, the product 
should be atered as soon as it has coagulated. 

Anal. Calcd. for NOnCsHaCH=NCl: C1, 19.22. Found: C1, 19.00. 
m-Nitrobenzalchlorimine melted a t  79-80' and precipitated again at  81-83'. 

Sometimes the compound did not melt completely, but merely softened and then began 
to solidify. Its crystals are white when pure, but usually they were slightly colored 
even after two crystallizations from alcohol. 

Anal. Calcd. for NOzCsHaCH=NCl: C1, 19.22. Found: Cl, 19.15, 19.10. 
In one case the crude chlorimine after drying on a plate was dissolved in a small 

amount of benzene and filtered. When treated with about 4 volumes of ligroin a small 
qt~antity of light tan crystals was produced and filtered off. When the filtrate was 
cooled, white crystals were obtained. In a similar manner two crops of crystals were 
obtained from the crude chlorimine by using chloroform and ligroin. A third fraction 
was also obtained from the latter solvents by allowing them to evaporate spontaneously, 
until only a trace of the solvent remained. The crystals were then washed with a small 
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amount of ligroin. The melting points of the various fractions ranged from 74 to 79'. 
By the mixed melting point method it was shown that all of the fractions were identical. 
A crude preparation of the chlorimine was also fractionally crystallized from alcohol and 
mixed melting points were taken with the crystals obtained from the other solvents men- 
tioned above. All of the crystals were identical 

When a sample of this chlorimine which had been allowed to decompose in a desicca- 
tor over sodium hydroxide was treated with ether, practically all of the material dis- 
solved. The nitrile was isolated, but no appreciable amount of the imine hydrochloride 
was found. 

This chlorimine was compared with its ortho isomer as follows. When samples of 
m- and o-chlorimines in capillary tubes were immersed together in a bath a t  80". and 
heated, they both melted. At 83-85" the meta compound solidified, and a t  95" the 
ortho compound frothed and decomposed. When the two chlorimines were immersed 
a t  117", both melted, and after a few seconds the meta "puffed;" after a few more 
seconds the ortho compound did likewise. 

p-Chlorobenzalchlorimine, obtained as small white needles from alcohol or acetone, 
melted at  79-80 O, became slightly cloudy at  95" and boiled up and solidified a t  115-120 ". 
Several preparations of this chlorimine heated in the same manner gave the following 
average results: became slightly cloudy at  90-95", frothed or boiled up and precipitated 
a t  100-127°. 

Anal. Calcd for C1Cf,H4CH=NC1: C1,20.39; N, 8.05. Found: C1, 20.33, 20.10; 
N, 8 00,8.19. 

When the chlorimine was recrystallized from warm petroleum ether, needles were 
obtained which melted at  78-79", and precipitated a t  95'. Some colorless rectangular 
needles 7-12 mm. long, obtained by the partial spontaneous evaporation of a chloro- 
form-ligroin or benzene-ligroin solution a t  room temperature, meited a t  79-80", be- 
came slightly cloudy at  90-95 ", and continued to decompose with increasing temperature 
until at  122" the compound boiled up and solidified. 

Crude preparations of this chlorimine were fractionally crystallized from chloro- 
form and ligroin and from alcohol and water. The first fractions comprised a small 
proportion of the material used. The last fraction from the alcohol was obtained by 
the addition of excess water as long as a precipitate was formed. By the mixed melting 
point method it was shown that all the fractions were identical. 

p-Bromobenzalchlorimine, obtained as white crystals, melted a t  87-88', became 
slightly cloudy at  90-95' and precipitated a t  95-103'. At 120" more decomposition 
occurred. The chlorimine melted when immersed in a bath a t  100-105O, and then a 
precipitate formed which partly dissolved when agitated for several minutes. It was 
evident that the chlorimine slowly decomposed with the gradual evolution of hydrogen 
chloride. 

Anal. Calcd. for BrCaHrCH=NC1: C1, 16.24; N, 6.41. Found: C1, 16.23; N, 
6.67. 

2-Chloro-5-nitrobenzalchlorimine melted at  85-86', frothed at  110°, and under- 
went more decomposition at  115". Its crystals are white when pure. 

Anal. Calcd. for C~NO?CQH~CH=NC~: C1, 16.20. Found: C1, 16.25. 
o-Methoxybenzalchlorimine, melted at  35-38" and frothed a t  83-85". After 

standing for several hours on a porous plate at  18-20', it "puffed" mildly a t  75". This 
chlorimine precipitates with difficulty when the aldehyde is shaken with a solution of 
monochloramine according to the method2 recently described for the preparation of 
anisalchlorimine. Two unsuccessful attempts were made before it was finally obtained 
as a white precipitate. 

Anal. Calcd. for CH,OCsH&!H=NCl: C1, 20.92. Found: C1, 20.70. 
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o-Chlorobenzalchlorimine has been obtained as a precipitate from Eastman's 
o-chlorobenzaldehyde (m p. 8-9") and monochloramine within three to five minutes 
when prepared according to the method2 recently described, and within six to eight 
minutes when ether was used according to the method outlined in the present paper. 

When this compound was heated gradually in a capillary tube, decomposition began 
at llQ-118°. After this chlorimine had decomposed on standing in a desiccator over 
sodium hydroxide at 30°, the nitrile was isolated from the products. The material 
insoluble in ether or benzene consisted partly of ammonium chloride and of some un- 
identified substance. 

Anisalchlorimiie was prepared according to the methoda recently described. 
When a sample was heated in a capillary tube it decomposed with a puff a t  60-70'. 
One preparation of the crude chlorimine was fractionally crystallized from alcohol and 
water. Four fractions of about equal amounts were obtained. After drying it was 
shown by the mixed melting point method that all of the fractions were identical. 

Stability of Ch1orimines.-It has already been reported that anisal- 
chlorimine is much less stable than o-chlorobenzalchlorimine. While 
working with the chlorimines described in this investigation, it soon became 
evident that certain ones were much more unstable than others. A quali- 
tative classification of these compounds according to their stabilities 
was arrived at from a consideration of the temperatures a t  which the 
chlorimines decomposed when heated gradually in capillary tubes, and 
from a consideration of the length of time which they could be kept a t  
room temperature without undergoing appreciable decomposition. Al- 
though anisalchlorimine appeared to be the least stable of any of the 
compounds described here, this compound along with o-methoxybenzal-, 
piperonal- and o-nitrobenzal-chlorimines, formed a class which was far 
more unstable than o-chloro-, p-chloro-, or 9-bromo- and 2-chloro-5- 
nitrobenzalchlorimines. From a consideration of the temperature a t  
which m-nitrobenzalchlorimine began to decompose, this compound should 
be classed with the unstable chlorimines. However, several preparations 
of the m-nitro compound were kept a t  room temperatures (18-24O) for 
several days without appreciable decomposition. 

I n  an attempt to obtain a quantitative measure of the relative stabili- 
ties of these compounds, their velocity of decomposition was determined 
a t  30'. After the chlorimines were purified by recrystallization from 
alcohol, and dried on a porous plate a t  room temperature (18-24'), weighed 
samples in small vials were placed in a desiccator which contained solid 
sodium hydroxide and kept in an air-bath a t  30'. At suitable intervals 
the samples were analyzed for active chlorine. The data obtained are 
recorded graphically in Fig. 1. 

It is evident from Fig. 1 that the qualitative classification of these 
compounds mentioned above is in general supported by these curves. 
While the rates of decomposition of the relatively unstable chlorimines 
checked fairly well, reproducible results were not obtained for some of 
the other compounds. 
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The product used in the determination of Curve 4 was prepared when 
the room temperature was about 20' and, after drying, an initial analysis 
of the compound was in close agreement with the theoretical. However, 
when the work was repeated the room temperature was about 30°, and 
although the compound was recrystallized several times from alcohol, 
analyses, after drying, gave low results, which indicated that some decom- 
position had occurred during the process of drying. This product de- 
composed at a much more rapid rate at 30' tl-ian that represented by Curve 
4. After sixty-four hours the chlorimine was 20%, and after 110 hours, 

Time, hours. 
Fig. 1.-Rates of decomposition of ald-chlorimines at 30'. Curve 1, 

anisal- at 20-22'; o-methoxybenzal- gave approximately the same curve 
at 30'. Curve 2, points 0 and A, piperonal-; points and 8, o-nitro- 
benzal-. Curves 3 and 3a, o-chlorobenzal- (liq. at 30'). Curve 4, m- 
nitrobenzal-. Curves 5, 5a and 5b, fi-chlorobenzal-, Curve 6, p-bromo- 
benzal-. 

4'7% decomposed. Similar results were obtained when crude m-nitro- 
benzalchlorimine was recrystallized from slightly warm chloroform and 
ligroin. These observations indicate that, in some cases at  least, the 
rates of decomposition are catalyzed by the impurities present. A pre- 
liminary experiment showed that the rate of decomposition of m-nitro- 
benzalchlorirnine was accelerated by a nitrile and retarded by an aldehyde. 

Summary 

A number of new aromatic ald-chlorimines have been prepared and 
their stabilities studied. In general, anisal-, o-methoxybenzal-, piperonal- 
and o-nitrobenzalchlorimines comprise a group which are distinctly 
less stable than o-chloro-, $-chloro-, p-bromo- and 2-chloro-5-nitrobenzal- 
chlorimines. 

Durca~aa. NORTH CAROLINA 
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NOTES 

The 8-Chlorovinyl-arsines.'--The work of Miller and Witherspoon2 
has shown that the compound obtained by reacting 8-chlorovinyl-dichloro- 
arsine with diphenylamine is not 6-P-chlorovinyl-phenarsazine, as reported 
in the above entitled article, but 6-chloro-phenarsazine. The compound 
is extremely difficult to obtain pure by crystallizing from solvents. Five 
crystallizations from xylene gave a product melting a t  189' (uncorr.). 
By vacuum sublimation, Miller reports a melting point of 193-194'. 

Similar correction should hold for the product obtained when phenyl- 
a-naphthylamine is condensed with 0-chlorovinyl-dichloro-arsine. Thus 
in both cases the amines apparently condense with arsenic chloride, 
present as a result of decomposition or equilibrium, giving a chloro-arsine 
and not a chlorovinyl-arsine. 

W. LEE LEWIS 
H. W. STIEGLER 

RECEIVED JUNE 23, 1930 
PUBLISHBD OCTOBER 6, 1930 

Preparation of Benzene-azo Derivatives of 8-Hydroxyquino1ine.- 
According to  J. MathSusll the alkaline coupling of 8-hydroxyquinoline with 
diazobenzene-chloride gives 5-benzene-azo-8-hydroxyquinoline. In the 
present work, which was executed to obtain such a compound for use in 
the Skraup reaction with certain azo compounds, when diazobenzene- 
chloride and 8-hydroxyquinoline were coupled in equimolecular proportion 
in an alkaline medium with as small an amount of water as possible, the 
chief product obtained was found to be 5,7-benzene-disazo-8-hydroxy- 
quinoline, which after three recrystallizations from alcohol gave deep 
violet crystals of excellent purity; m. p. 205-206' ; yield, 16 g. from 14.5 g. 
of 8-hydroxyquinoline. Its alcoholic solution assumes a red color, and the 
solution in concd. sulfuric acid is indigo blue, but on addition of alcohol the 
color changes to violet red. 

Anal. Subs., 6.320: C02, 16.558; H20, 2.488. Subs., 3.115, 1.897: Ns, 0.576 cc. 
(30°, 762 mm.) 0.344 cc. (31°, 756 mm.). Calcd. for CZIHI~ON~: C, 71.39; H, 4.25; 
N, 19.83. Found: C, 71.45; H,4.37; N,20.08, 19.41. 

On the other hand, when the coupling was conducted in a very dilute 
solution, the mono-azo compound was the chief product, which after four 
recrystallizations from alcohol gave brownish-yellow needles (m. p. 185- 
186') ; its properties were identical with those of 5-benzene-azo-8-hydroxy- 
quinoline given by Mathcus. The mono-azo compound, however, was 

"The B-Chlorovinyl-arsines and their Derivatives," W. Lee Lewis and H. W. 
Stiegler, THIS JOURNAL, 47,2546 (1925). 

2 Unpublished, Chemical Division, Edgewood Arsenal, Maryland. 

Matheus, Ber., 21, 1644 (1888). 
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found to be readily obtained in a very pure state in almost the calculated 
quantity when the two components were coupled in an acetic acid medium, 
and after only one recrystallization from alcohol gave orange-yellow 
needles of m. p. 187". Its yellow alcoholic solution, on the addition of 
ferric chloride, assumes a deep brown color and the solution in concd. sul- 
furic acid is red. 

Anal. Subs., 4.372: CO?, 11.558; HzO, 1.875. Subs., 3.988: Nt, 0.578 cc. (21 ', 
760.4mm.). Ca1cd.for C15H,,0N~: C, 7229; K , 4 4 2 ;  N, 16.8'7. Found: C, 72.10; 
H, 4.77; N, 16.66. 

The hydrochloride gave orange needles; m. p. 227" (decomp.). On 
pouring into water, i t  readily undergoes hydrolysis with the separation of 
the free base. 

Anal. (Water of crystallization). Subs., 0.5407: HzO, 0.0513. Calcd. for CIGH1z- 
ON&!1.11/2Hz0: H20, 9.05. Found: H20, 9.49. Subs., 0.2550: AgC1, 0.1321. Calcd. 
for C ~ ~ H I ~ O N ~ . H C ~ :  HC1, 13.44. Found: HC1, 13.17. 

Furthermore, the disazo compound could also be obtained by the alco- 
holic alkaline coupling of the mono-azo compound with diazobenzene- 
chloride, but its quality was found to be far inferior after repeated re- 
crystallizations from alcohol. 

CONTRIBUTION PROM THE 
CHEMICAL LABORATORY OF 
KITASATO INSTITUTE 
TOKYO, JAPAN 
Rscsrveo JUNE 2 1930 
PUBLISHED OCTO&R 6, 1930 

The Direct Nitration of Furfura1.-In. continuation of studies concerned 
with substitution reactions of sensitive furan types,' i t  was found possible 
to prepare 5-chloro-2-furfural by chlorination not only of furfural di- 
acetate but also of furfural. This suggested that i t  might be possible to  
nitrate furfural directly, and so avoid the prior, independent preparation 
of furfural diacetate. Experiments have confirmed this expectation. 

Using the same molar proportions and technique described previously, 
the yield of nitrofurfural diacetute obtained from 96 g. (1 mole) of freshly 
distilled furfural was 110 g., or 45%, melting at 85'. When crystallized 
from hot alcohol, the yield of pure nitrofurfural diacetate melting at 92O 
was 80 g., or 33%. 

In the treatment with alkali subsequent to nitration of the furfural, 
sufficient sodium hydroxide is added to the iced mixture to give a faint but 
distinct alkaline reaction to litmus. The oil obtained in this manner is 
separated by decantation from the aqueous solution, and then warmed with 
sufficient pyridine (not less than 250 cc.) to effect complete solution. The 

1 Gilman and Wright, THIS JOURNAL, 52, 2550 (1930); see also, Gilmrui and 
Wright, %bid., 52, 1170 (1930). 
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acetic acid removedIin this manner from the intermediate compound, 
which may or may not be a product of ring scission, can also be removed by 
means of other bases like dimethylaniline. The nitrofurfural is readily 
obtained, if necessary, by hydrolysis1 of the crude diacetate. 

The authors are grateful to Mr. A. P. Hewlett for assistance. 

AMES, IOWA 
RECEIVED JUNE 24,1930 
PUBLISHED OCTOBER 6, 1930 

A Note on the Preparation of G1ycine.-The classical method of pre- 
paring glycine through the interaction of chloro-acetic acid and ammonia 
with the subsequent formation of the copper or lead salt has been aban- 
doned by Clarke and Taylor1 in favor of a method involving the hydrolysis 
of methylene-amino-acetonitrile. The starting material is fairly expensive 
and the yield of 3137% is not high. RobertsonJ2 after a study of the 
velocity and course of the reaction between chloro-acetic acid and ammonia, 
recommends the use of a large excess of ammonia. When the molecular 
ratio of ammonia to chloro-acetic acid is 60: 1, the actual concentration of 
glycine in solution is increased to 86%. He eliminates the ammonium 
chloride by means of silver oxide and obtains a final yield of 50% of pure 
glycine. 

It was thought that a correspondingly large yield of pure glycine could be 
obtained by making use of this high ratio of ammonia to chloro-acetic acid, 
and crystallizing the glycine directly from the concentrated reaction 
mixture in the presence of pyridine according to the method of Clarke and 
Taylor or in the presence of aniline as suggested by BenedictJa thus 
eliminating the time and expense involved in the use of silver oxide to re- 
move the ammonium chloride. The attempt proved successful and the 
following method was worked out. 

Two moles of chloro-acetic acid (189 g.) is dissolved in 8 liters of am- 
monium hydroxide (sp. gr. 0.90) in a 12-liter flask and allowed to stand a t  
room temperature for forty-eight hours. The excess of ammonia is distilled 
off and recovered. The mixture is concentrated, in vacuo if preferred, until 
precipitation of ammonium chloride begins. The salt is dissolved by 
warming on the steam-bath with the addition of the smallest possible 
volume of water. If the solution is not clear, it is filtered by suction. 
The filtrate and washings should occupy a volume of about 500 cc. A 

1 Clarke and Taylor, "Organic Syntheses," John Wiey and Sons, Inc.. New York. 
1925, Vol. IV. p. 31. 

2 Robertson, THIS JOURNAL, 49, 2889 (1927). 
a Benedict, ibid., 51, 2277 (1929). 
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mixture of 800 cc. of methyl alcohol and 140 cc. of pyridine is stirred in. 
Crystallization of the glycine begins a t  once. After standing overnight, 
the glycine is filtered off, suspended in methyl alcohol, filtered and washed 
with methyl alcohol. A yield of 96 g. or 64% is obtained. A further yield 
of 2 to 3 g. may be secured from the combined mother liquor and washings 
on standing. If an attempt is made to crystallize the glycine from a warm 
solution of much greater concentration than the one suggested, the product 
will be contaminated with considerable ammonium chloride. This may be 
almost completely removed by washing with methy! alcohol. The glycine 
is recrystallized by di~solv~ng in 300 cc. of water with warming. I n  order 
to remove the last traces of ammonia, 6 g. of permutit is added and after 
thorough stirring the mixture is filtered through a charcoal mat. The 
solution with washings should occupy about 400 cc. and should be crystal 
clear; 800 cc. of methyl alcohol is stirred in and the mixture is allowed t o  
stand overnight until crystallization is complete. The glycine is filtered off 
and washed with methyl alcohol. The yield is 81 g. or 54%. The product 
is free from the chloride ion and from ammonia, as shown by testing with 
Nessler solution. It melts a t  from 225-230' (corr.), and shows the theo- 
retical percentage of nitrogen and amino nitrogen. An equivalent amount 
of aniline may be substituted for the pyridine if desired in the first crystal- 
lization but the product carries a slight yellow color. This is completely 
removed on recrystallization. 

CONTRIBUTION FROM THE 
CHEMICAL LABORATORY OF 
BELOIT COLLEGE 

BELOIT, WISCONSIN 
R E C ~ I V E D  JUNE 30, 1930 
PuBL1saED OCTOBER 6, 1930 

o-Phenety1urea.-On account of its industrial importance, dulcin has 
received considerable attention while the corresponding ortho derivative 
has been slighted. The writer finds but one literature reference in a paper 
by Pierron,' who prepared this compound from o-ethoxyphenylcyanamine 
as a means of identification of the latter. He quotes a melting point of 
206', which appears to be too high. It seemed worth while t o  make the 
compound principally in order to compare its properties with those of 
dulcin derivatives now in preparation. 

A 5-g. portion of o-phenetidine is treated with 40 cc. of water and 2.5 cc. 
of concentrated hydrochloric acid. A solution of 2.25 g. of potassium 
cyanate in 20 cc. of water is added in small portions with a thorough shaking 
between additions. Precipitation is complete in about ten minutes. 
After filtration the solid is washed with dilute ammonium hydroxide and 
then with ether. It is a t  once recrystallized from hot dilute ethanol to 

Pierron, Ann chim. phys., [7 ]  15,145 (1908). 
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which sufficient ammonium hydroxide is added to give a decided odor. The 
crystals are washed with ether. When dry the purification is completed by 
a recrystallization from hot benzene; yield, 2 g. ; white microscopic needles. 
The compound shows a slight shrinkage a t  about 139' and melts a t  142- 
143O. It is tasteless and odorless. Concentrated sulfuric acid gives a 
colorless solution which upon heating becomes a faint straw color. 

Anal. Calcd. for CsHlzOzNa: C, 60.0; H, 6.66; N, 15.56. Found: C, 60.10; 
H, 6.72; N, 15.64. 

The compound is soluble in hot water, ethanol, amyl alcohol and hot 
benzene. 1t is very slightly soluble in ether. 

COMMUNICATIOMS TO THE EDITOR 
DR C. S. HUDSON'S VIEWS ON THE RELATIONSHIP OF STRUCTURE TO TRE 

OPTICAL ROTATIONS OF SUGARS 

Sir: 
Dr. C. S. Hudson has not utilized the means which were open to him 

t o  test the validity of his views by direct chemical experiments. The 
basis on which he develops his argument is the presumed existence, which 
his statistical methods enable him to detect, of a new form of mannose 
(calculated [aID +77O) in derivatives of 4-glucosido-mannose, obtainable 
from cellobiose through cellobial. If this foundation for his scheme 
fails, then the entire superstructure of rival formulas which he has raised 
upon it must collapse. 

A survey of his two recent papers [THIS JOURNAL, 52, 1680, 1707 (1930)] 
has led me to select for this critical test an experimental method which 
he has tacitly approved: he has accepted and utilized the observation of 
Fischer and Armstrong that 8-methylmaltoside gives rise by enzyme hy- 
drolysis to P-methylglucoside without ring change. Implicit in Dr. 
Hudson's scheme, therefore, is the expectation that 4-glucosido-a-methyl- 
mannoside will yield by enzyme cleavage his hypothetical a-methyl- 
mannoside ([orlD +125°), inasmuch as this is the glycoside of the un- 
known form of mannose to which he has assigned the 1,5-ring. 

With my colleague Dr. E. L. Hirst and other co-workers (R. J. W. 
Reynolds, H. R. L. Streight, H. A. Thomas, J. I. Webb and Miss M. Plant) 
I have prepared and investigated the chemical behavior of both 4-gluco- 
sido-a-methylmannoside and 4-galactosido-a-methylmannoside to which 
a le  1,4-ring cannot apply since the 4-position in the mannose residue is 
occupied by the biose link. Both these substances are hydrolyzed by 
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emulsin and yield the ordinary known form of a-methylmannoside ([elD 
+7g0) which is the pyranoside (1,5-ring). 

The above biosides are prepared in the same way as the bioses, namely, 
from cellobial and lactal by the action of perbenzoic acid, but in the 
presence of methyl alcohol instead of water. The same 4-glucosido-a- 
methylmannoside has also been obtained from acetobromo-glucosido- 
mannose. 

Had Dr. Hudson tried these experiments it is difficult to  see how he 
could have committed himself to speculatio~is that are at variance with 
this and with much more chemical evidence which is on record. More- 
over, the rotations of these biosides and of the corresponding bioses are 
widely divergent from those required by his system of classification based 
on epimeric differences with cellobiosides and lactosides and the free 
sugars. The "principle of optical superposition" cannot be applied uni- 
formly throughout the sugar group. The results now summarized are in 
complete agreement with the sugar formulas we have established by 
methylation studies, lactone formation and degradation, and by a compari- 
son of the reaction velocities of glycosides under hydrolysis, and by other 
direct chemical methods. 

THE UNIVER~ITY OF BIRMINGHAM W. N. HAWORTH 
EDGBASTON, ENGLAND 
R E C E I V E D  JULY 30, 1930 
PUBLISHED OCTOBER 6, 1930 

POSSIBLE USE OF THE POULSEN ARC AS A MEANS OF DETECTING TRACES 
OF IMPURITIES IN METALS 

Sir: 
It has been shown by one of us in conjunction with E. 2. Stowell1 that  an 

atmosphere of hydrogen and usually cathode materials which are elements 
of even atomic number are necessary to produce radio frequency oscillations 
in the Poulsen Arc. 

In the non-oscillating or ordinary direct current arc in hydrogen, the 
spectra of copper and sodium were revealed when these elements were used 
as cathodes. Upon connecting the oscillating circuit, the spectra of copper 
or sodium were either entirely suppressed, or appeared only faintly. Simul- 
taneously the spectra of elements such as zinc, titanium and aluminum 
which will support oscillation, and which were present in small amount as 
impurities in the cathode metal, either appeared or if previously present 
were greatly accentuated. 

The spectrum of HB showed the presence of more atomic hydrogen in the . 

oscillating than in the non-oscillating arc. Chemical analysis of the elec- 
trolytic copper showed titanium and aluminum present as 0.005 and 
0.0045%, respectively. 

1 Stowell and Redeker, Phys. Rev., 34, 978 (1929). 
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When using an ammonia atmosphere and a tip of gold brazed onto a 
water-cooled copper cathode, the oscillating arc completely suppressed the 
spectra of these metals, and intensified the 3361-3372 A. line of the titanium 
impurity in the copper. The above phenomena suggested the use of the 
Poulsen Arc as a means of detecting small traces of impurities of even 
atomic number in such metals as copper, gold and silver. 

A quantitative analytical method involving these phenomena is now 
being worked out in this Laboratory. 

COAGULATION OF PURE FERRIC HYDROXIDE SOLS 
Sir: 
In a recent article Judd and Sorurn [THIS JOURNAL, 52, 2598 (1930)l 

have stated that with highly purified sols of ferric hydroxide, which are 
practically free from chloride ions, the amount of univalent coagulating ion 
decreases as the concentration of the sol increases. 
In several publications [J. Phys. Chem., 26, 701 (1922); 28, 313 (1924); 

29,435,659 (1925); Kol2oid.-Z., 34,262 (1924) ; 36, 129 (1925)l from these 
Laboratories we have shown that ordinarily purified sols of ferric hydroxide 
require larger amounts of univalent electrolytes for coagulation when the 
concentration of the sol is increased. I n  a recent communication Dhar and 
Gore [J. Indian Chem. Soc., 6, 31 (1929)l have shown that even highly 
purified sols of ferric hydroxide containing a very small amounts of chloride 
ion follow the general rule that the greater the concentration of the sol, the 
greater is the amount of electrolyte necessary for coagulation irrespective 
of the valency of the coagulating ion. It appears, therefore, that the results 
of Judd and Sorum are not in agreement with previous work and need 
confirmation. 

CHEMICAL LABORATORY N. R. DHAR 
ALLAHABAD UNIVERSITY 

ALLAHABAD, INDIA 
RECEIVED SEPTEMBER 6, 1930 
PUBLISHED OCTOBER 6, 1930 

A CONTINUOUS (OR BAND) FLUORESCENCE EMISSION SPECTRUM WHICH 
ACCOMPANIES A CHANGE OF COLOR 

Sir: 
An interesting phenomenon has been observed in a study of the Raman 

effect with a number of liquids listed later. A continuous (or band) 
emission spectrum (Fig. 1) has been found to appear on the plate in each 
case in which the colorless liquid becomes colored, and not to  appear if there 
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is no color change. The incident radiation of the 
mercury arc light appears to  excite the molecules of 
the substance, and a part of the energy of excitation 
is released as a fluorescence radiation. A few of 
the details of this work are given below. 

The Raman effect has been observed for a num- 
ber of bromides: normal butyl bromide, secondary 
butyl bromide, isobutyl bromide, tertiary butyl 
bromide, normal propyl bromide, isopropyl bro- 
mide, normal amyl bromide and isoamyl bromide. 
The liquids were purified by distillation. 

In addition to the lines of modified wave length, 
a continuous spectrum, which lies within the limits 
X = 4000 A. and X = 5500 A., was obtained with 
each liquid. The continuous spectrum was always 
accompanied by the appearance of a yellow color 
in the liquid. Usually an exposure of forty-eight 
hours sufficed for the production of the contin~~otls 
spectrum; this, however, was not the case with n- 
propyl bromide, n-butyl bromide and secondary 
butyl bromide, since none of these showed either a 
continuous spectrum or a discoloration after being 
exposed to  the mercury arc for forty-eight hours. 
If the time of exposure was extended to seventy-two 
hours or more, the continuous spectrum and the 
color change were observed for each of these liquids. 
In  all cases where the exposure was long enough to 
give an intense continuous spectrum, the latter con- 
tained two regions of maximum intensity, one lying 
between the mercury lines a t  X = 4358 A. and X = 

4916 A., and the other between the lines at X = 

5460 A. and X = 5769 A. 
Methyl and ethyl alcohols saturated with am- 

monia were studied for Raman spectra. The solu- 
tions were exposed to the mercury arc for ten to 
twelve hours. Methyl alcohol saturated with am- 
monia gave a continuous spectrum which was simi- 
lar to that of the bromides in character and in posi- 
tion ; the solution turned yellow during the exposure. 
Ethyl alcohol saturated with ammonia did not give 
a continuous spectrum or a color change. Neither 
of these two accompanying phenomena was ob- 
served in the case of the pure alcohols. 

"TOR 
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An attempt was made to ascertain whether the exclusion of oxygen would 
affect the color change and the continuous spectrum. A brisk stream of 
nitrogen was bubbled through isoamyl bromide for forty-five minutes 
prior to exposure and the Raman tube was closed by means of a stopcock; 
no diminution of the intensity of the continuous spectrum or of the color, 
was found. 

T m  BASE FROM 2,5-DIMETHYLPYRAZINE-METHYL IODIDE 

Sir: 
Recently Princivallel has reported unsuccessful attempts to isolate the 

base liberated from 2,5-dimethylpyrazine-methyl iodide. In connection 
with some work on pseudo bases, part of which has already been submitted 
for publication, the author has studied the action of alkali on this salt. 
Although the base isolated could not be obtained pure and gave analyses 
varying from C, 53.2; H, 6.94, to C, 49.5; H, 6.63, a kinetic study of the 
reaction using a conductimetric method has made it seem probable that 
the net reaction taking place is 

The salts 1,2,2,5,5-pentamethyl-2,5-dihydropyrazinim iodide and 1,2,- 
2,3,5,5,6-heptamethyl-2,5-dihydropyrazinm iodide have also been pre- 
pared and their behavior with aqueous alkali studied. From these two 
salts the bases isolated were, respectively, 1,2,2,5,5-pentamethyl-6-hy- 
droxy-1,2,5,6-tetrahydropyrazine (m. p. 110') and 1,2,2,3,5,5-hexamethyl- 
6-methylene-1,2,5,6-tetrahydropyrazine (b. p. (6.5 mm.) 78'). Certain 
evidence has been obtained to show that the latter base was formed by an 
enolic change 

I + 
CHa 

I 
CH3 

Princivalle, Gazz. chim. ital., 60,298-301 (1930); C. A.,  24,3792 (1930). 
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I 
CHs 

I t  is believed that the reduced conjugation in the ring is the cause of this 
reaction, which does not occur in the case of 1,2,5-trimethylpyraziniurn 
iodide. It is to be noted that the same reduced conjugation occurs in 
1,2,5-trimethyl-6-keto-1,6-dihydropyrazine-methyl iodide, which by the 
action of alkali yields 1,2,4-trimethyl-5-methylene-6-keto-l,6,4,5-tetra- 
hydropyra~ine.~ 

It seems likely, in view of the above results, that the last compound is 
yielded by an enolic change similar to that already mentioned and that the 
reduced conjugation is the important factor in its production. 

PRELIMINARY NOTE RELATING TO STUDIES ON KRYPTON AND XENON 

Sir: 
A research project having to do with the purification and properties of 

krypton and xenon has been in progress during the past four years. Some 
rather novel results have been obtained to which the authors desire to call 
attention a t  this time since the work has been interrupted on account of 
unavoidable delays attendant upon moving into a new building. A more 
complete report will follow at an early date. 

Liquid air residues, mainly oxygen, were treated by cooled charcoal in a 
manner which concentrated the krypton and xenon considerably. The 
excess oxygen and other reactive gases were removed by suitable reagents 
and the remaining inert gases were separated by repeated fractional dis- 
tillation. Finally about 70 cc. of krypton and 30 cc. of xenon were ob- 
tained in a condition of very high purity. 

One of the first things investigated was the melting point. Krypton 
gave an exceedingly sharp melting point at  - 156.6O with a corresponding 
vapor pressure of 558 mm. Note a difference of about 12' from the 
- 169' previously accepted as the melting point. 

Xenon was harder to deal with in that it failed to give the sharp melting 
point that had been noted with krypton. Its behavior indicated the 
possibility of a transition point quite close to the melting point. The 

2 Gastaldi and Princivalle, Gum. chint ital., 59, 791 (1929) ; Princivalle, ibid., 
60,296,298 (1930). 
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melting point may be given, however, as - 111.5 * 0.5' with a correspond- 
ing vapor pressure of 600 * 20 mm. The accepted value for the xenon 
melting point is approximately - 140'. 

The processes of purification were checked by frequent density deter- 
minations and the densities of the best samples of krypton and xenon were 
rather carefully determined. The method employed was to collect a 
sample of the gas a t  a known temperature and pressure in a calibrated bulb, 
which was then weighed against a counterpoised bulb. 

Density determinations made in connection with the fractionation work 
seem to indicate that the present accepted densities for krypton and xenon 
are too low. The value found for the heaviest krypton fraction was 3.733 
g./l. and that for the heaviest xenon fraction 5.887 g./l. These figures 
would correspond, respectively, to atomic weights of 83.6 and 131.4 if 
Watson's [J. Chem. Soc., 97, 833 (1910)l corrections are employed. No 
effort has yet been made to make final density determinations and these 
will be reported later. 

Much of the work of extraction and purification followed the lines indi- 
cated by earlier investigators, but a number of new methods were used 
which will be reported in the more complete paper. 

CHEMICAL LABORATORY OR PURDUE UNIVERSITY F. J. ALLEN 

WEST LAFAYETTE, INDIANA R. B. MOORE 

RECEIVED SEPTEMBER 13, 1930 
PUBLISHED OCTOBER 6 .  1930 

NEW BOOKS 
Optical Activity and High Temperature Measurements. By F. M. JAEGER. McGraw- 

Hill Book Company, Inc., 370 Seventh Avenue, New York, 1930. 450 pp. 137 
figs. 15.5 X 23.5 cm. Price, $4.00. 

This volume contains the lectures delivered a t  Cornell University by 
Professor F. M. Jaeger during the second semester of 1928-1929 under the 
George Fisher Baker Non-Resident Lectureship in Chemistry. There are 
three series of the lectures. The first deals with the spatial arrangement 
of atomic systems and optical activity; the second with the methods, re- 
sults and problems of precise measurements a t  high temperatures; the 
third with the constitution and structure of the ultramarines. Taken as a 
whole the lectures furnish a systematic presentation of investigations car- 
ried out by Professor Jaeger and his co-workers a t  the chemical laboratory 
of the University of Groningen. 

The first lectures of the first series cover the principles of symmetry as 
applied to  atomic systems, discussing the work of Pasteur, van't Hoff and 
Le Bel. The remaining lectures of this series are concerned chiefly with the 
optical activity of complex salts, many of them essentially inorganic. 
These latter lectures-are of particular interest as demonstrating the wide- 
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spread occurrence of optical activity in the absence of any asymmetric 
carbon atom. 

The lectures of the second series not only discuss and describe highly 
refined measurements of temperatures but also of specific heats and of the 
viscosities and surface tensions of liquids at elevated temperatures. 

Systematic and connected accounts of this sort are always intrinsically 
useful, but this is particularly the case here, where the individual articles 
have already been published for the most part only in foreign journals. 

We cannot but be grateful to Professor Jaeger and to the Baker Lecture- 
ship at  Cornell for making it easy for us to become acquainted with these 
interesting and important researches. 

ARTHUR B. LAMB 

Physikalisch-chemische ubungen. (Manual of Physical Chemistry.) By W. A. 
ROTH, Professor in the Technical High School of Braunschweig. Fourth revised 
and enlarged edition. Leopold Voss, Leipzig, Germany, 1928. viii + 316 pp. 
71 figs. 14 X 22.5 cm. Price, unbound, M. 13; bound, M. 15. 

This fourth edition represents an extensive revision of this well-known 
manual, and is of interest as typifying the course in physical chemistry as 
given in the Technische Hochschule at Braunschweig. The manual is 
designed both for the beginners' course in which thirty obligatory exercises 
covering the general field are assigned, as well as for a more specialized 
course having an elastic program suitable as training for research candi- 
dates. The book is devoted largely to presenting the theory of the experi- 
ments and of the apparatus to be used along with concrete illustrative 
numerical examples. 

Detailed directions for carrying out the experiments are exceedingly 
meager. Perhaps this is desirable. Instructive methods for evaluating 
graphically the errors in thermochemical experiments are set forth in con- 
siderable detail (pp. 72-75) ; likewise the introduction of nomographic 
methods deserves favorable comment, as well as the inclusion of experi- 
ments on the dielectric constant. 

The treatment of electromotive force will be disappointing to most 
American readers. The reaction Tl + KCNS 1 TlCNS f KC1 in 
aqueous solution with its uncertain and unavoidable liquid junction po- 
tential is certainly not a "htibsches Beispiel" today, particularly in dis- 
cussing the Nernst Heat Theorem. The solubility of silver acetate in 
silver nitrate is discussed in detail in terms of the now obsolete degrees of 
dissociation of the salts followed by the statement (p. 159) "the small drift 
in solubility product becomes somewhat smaller on using activity co- 
efficients," which makes one wonder if the "Moderne Anschauung" to 
which the student is referred has been grasped (cf. p. 157). The apparatus 
described for the conductivity experiments is hardly modern in character. 

VICTOR K. LA MER 
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A Comprehensive Treatise on Inorganic and Theoretical Chemistry. Vol. X. Sulphur 
and Selenium. By J. W. Mellor, D.Sc. Longmans, Green and Company, 55 
Fifth Avenue, New York, 1930. x + 958 pp. 217 figs. 25 X 16 cm. Price, 
520.00. 

The present volume (Vol. X) of the Treatise represents a significant mile- 
stone in this great undertaking, for with i t  all the non-metals have now been 
covered. There remain still to be done the metals of Groups VII and VIII 
of the periodic system. Of these, iron in particular will require extended 
treatment. 

This volume, like its predecessors, will be for the general reader as well as 
for students of inorganic chemistry an exhaustive and yet practical refer- 
ence handbook. 

ARTHUR B. LAMB 

Die Anwendung der Interferometrie in Wissenschaft und Technik. (Applications of 
Interferometry in Science and Industry.) By E. BERL AND L. RANIS, of the Chem- 
icotechnical and Electrochemical Institute of the Technical High School of Darm- 
stadt. Gebriider Borntraeger, W 35 Schoneberger Ufer 12 a, Berlin, Germany, 
1928. v + 52 pp. 28 figs. 16.5 X 25 cm. Price, M. 5.20. 

The intent of the authors is made clear in the preface of this booklet. 
The increasing number of applications of the interferometer to scientific 
and technical investigations justifies the special consideration of procedures 
and principles already described in the literature as well as additional new 
titration methods developed by the authors. Some of the topics discussed 
include (a) methods of measurement by the interferometer; (b) principle 
and construction of interferometers and their four general topics. 

I. The gas interferometer. 
a Innovations in construction. 
b Calibration. 
c Calculations. 
d Absolute and relative calibration. 
e Selection of gases for comparison. 

11. Possible application of the gas interferometer. 
111. Interferometer for liquids. 
IV. Field of application of the interferometer for liquids. 

The special uses for these two types of interferometers described in the 
text are not given in detail. The reader is referred to original articles 
which are listed in each case. An exception to this is the application of the 
interferometer for liquids to various titrations. This is the special con- 
tribution of the authors and the description of this investigation con- 
stitutes one-half of the paper. The titrations include precipitation as well 
as neutralization reactions. Graphic representation of the data makes i t  
possible to see at a glance the relative change of refractive index as the 
equivalence point of the titration is approached. From the many interest- 
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ing examples given it is evident that the sensitivity of the interferometer 
makes possible the extension of the usual methods employed in Refrac- 
tometry. The authors for the most part have given an applied rather than 
a highly theoretical presentation of the subject, The publication should 
prove to be interesting reading to those interested in technical and scientific 
applications of instrumental analysis. 

VILLIERS W. MELOCHE 

Select Methods of Metallurgical Analysis. By WILLIAM ARCHIBALD NAISH, Ph.D, 
(Eng.), A.R.S.M., B.Sc., P.I.C., M. Inst. M. M., and JOHN EDWARD CLENNELL, 
B.Sc. (London), Assoc. Inst. M. M. Introduction by Sir H. C. Harold Carpenter, 
F.R.S. John Wiley and Sons, Inc., 440 Fourth Avenue, New Pork, 1930. xii + 
495 pp. 32 figs. 15.5 X 24.5 em. Price, $7.50. 

In this book of five hundred pages a serious attempt has been made to 
give in concise form methods for the determination of all of the elements 
and analyses of most of the raw materials and products with which the 
metallurgical laboratory is confronted. The authors have taken up the 
elements alphabetically, giving selected and proved methods for their 
determination. In addition, methods are given for the complete analysis 
of ores and many metallurgical products, both ferrous and non-ferrous and 
including silicate analysis and fire assaying. Of course, it would not be 
possible within the scope of any ordinary sized book to take up in detail 
the complete analysis of all metallurgical materials, but the book is suf- 
ficiently complete to enable any reasonably trained metallurgical chemist to 
make chemical analysis of practically any metallurgical material. The 
book is so complete that it suffers somewhat from too great a condensation 
when giving analytical procedures. The chapter on "Electrometric Titra- 
tion" is so condensed that it might almost as well have been left out, 
especially since the book does not make use of electrometric methods when 
describing the analytical methods used for each element. Perhaps the 
most outstanding omission in the book is its complete failure to include 
methods of gas analysis and its very sketchy two and one-half pages given 
to coal analysis. Neither is any mention made of water analysis. 

From the point of pedagogy the chief criticism which the teacher of 
metallurgy will make will be directed against the almost complete absence 
of any discussion of the laws of physical chemistry as applied to the equi- 
libria involved in the analytical procedures. This would be a serious mat- 
ter if it were not for the fact that the teacher will have to drill the students 
in these matters anyhow. On the other hand, the authors are to be com- 
plimented on their thorough and uncompromising effort to give the chemi- 
cal facts involved in analytical separations. There is all too great a 
tendency to neglect the facts and deal too much in theory in present-day 
pedagogy and book writing. 
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The most notable advance taken in this book is its up-to-date treatment 
of the application of spectrum analysis to the work of the metallurgical 
laboratory, because i t  is certainly true that metallurgists and metallurgical 
chemists must become "spectrum conscious." Since physical methods of 
analysis have been introduced in this chapter i t  would seem that the au- 
thors should have gone further and have included microscopic methods of 
analysis. The book is very thorough in its bibliography work, which will 
enable the users of it to get easily the details of procedure which the authors 
have been forced to omit. 

This work will be frequently used in the reviewer's laboratory and will 
surely find a wide usefulness in the metallurgical world. 

D. J. DEMOREST 

Soap Films. A Study of Molecular Individuality. By A. S. C. LAWRENCE. Foreword 
by Sir William Bragg, F.R.S. G. Bell and Sons, Ltd., Portugal St., London, . 

W. C. 2, England, 1929. xi + 141 pp. 61 figs. 14 X 22.5 cm. Price, 12s. 
6d. net. 

Everyone interested in the intriguing subject of soap films-and everyone 
who dips into the pages of this unusual little book will find he is fascinated 
by it-will be under a debt of gratitude to Mr. A. S. C. Lawrence for having 
brought together in such readable form so much material of high scientific 
value which is not available elsewhere. 

It is only those who have had the privilege of attending in person the 
Discourses a t  the Royal Institution, who will fully appreciate the opening 
sentence of Sir William Bragg's Introduction: "The researches of the late 
Sir James Dewar on the properties of soap films are well known for their 
variety, beauty and importance." The unrivaled practical experience in 
the demonstration of the properties of soap films and the production of 
black bubbles accumulated there through the course of many years was 
supplemented by the repetition of the more important studies of other 
investigators. The whole is vividly described and carefully discussed 
and systematized by the author, who was Lecture and Research Assistant 
to  Sir James Dewar. The co-relation of these phenomena and the attempt 
to  link them with existing theory represents, in itself, a substantial advance 
in this subject and will undoubtedly lead to further rapid developments. 
Amongst the subjects treated are discussions of surface tension and its 
inadequacy to  explain the phenomena of soap films, reflection and inter- 
ference of light by films, constitution of soap solutions and their surfaces and 
the remarkable phenomena presented by black and stratified films. 

JAMES W. MCBAIN 
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Introduction 

Knopl was the first to propose the use of diphenylamine as an indicator 
in the titration of ferrous iron by potassium dichromate, whereas Cone and 
Cady2 recommended either diphenylamine or diphenylbenzidine as internal 
indicators in the titration of zinc by ferrocyanide. Several workers3 have 
since shown that these indicators are reliable and useful in oxidation- 
reduction titrations, but Sarver4 pointed out that end-points are often 
passed without any color formation, whereupon the addition of a trace 
of ferrous iron will then produce it instantly. Moreover, Watson6 has 
recently shown that mercuric chloride has a powerful inhibiting effect on 
the color production. 

Since diphenylamine and diphenylbenzidine now belong among the 
common analytical laboratory indicators it appeared desirable to  make an  
extensive study of their properties in order to know in what cases they can 
be applied, under what conditions they give reliable results, and what 
corrections must be made under different circumstances. The physico- 
chemical part of this investigation will be presented here, while the analyti- 
cal significance of the work will be reserved for a future paper. 

I. Speed of Color Development.-Pure products of diphenylamine 
(m. p. 52-53', uncorr.) and diphenylbenzidine (m. p. 242-243", uncorr.) 
have been used throughout this work, stock solutions being prepared by 
dissolving 0.1 g. of the substance in 100 cc. of concentrated sulfuric acid. 

J. Knop, THIS JOURNAL, 46,263 (1924). 
a W. H. Cone and L. C. Cady, ibid., 49,356 (1927). 

W. W. Scott, ibid., 46, 1396 (1924); N. H. Furman, Ind. Eng. Chem., 17, 314 
(1925); J. P. Mehlig, J .  Chem. Ed., 3, 824 (1926); I. M. Kolthoff, Rec. trav. chim., 45, 
745 (1926); Chem. Weekblad, 24, 203 (1927); H. H. Willard and P. Young, Ind. Eng. 
Chem., 20,764 (1928). 

L. A. Sarver, THIS JOURNAL, 49,1472 (1927). 
F. J. Watson, Chem. Eng. Aliin. Review, 20,355, 396 (1928). 
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The oxidation was first studied qualitatively, various amounts of acid, 
indicator and dichromate being mixed a t  different temperatures, and the 
time noted a t  which the color first became perceptible. The results were 
not very exact since i t  was hard to perceive the first tinge of violet, due to a 
green which often accompanied it. The hue is somewhat dependent upon 
the acidity, being violet a t  low hydrogen-ion concentrations, and more blue 
in acid concentrations higher than 4 N. 

The speed of oxidation is approximately proportional to the amount of 
dichromate added for a given amount of indicator, and to the amount of 
indicator used for a given amount of dichromate. Furthermore, the re- 
action velocity increases rapidly with the temperature, being about four 
times as great at 55 as a t  25'. 

Acids increase the speed of reaction very markedly, and the color de- 
velops much more quickly in hydrochloric than in sulfuric acid of the same 
normality, on account of the greater activity of the hydrogen ions in the 
former. This increased speed of oxidation in larger hydrogen-ion con- 
centrations is explained by the fact that the oxidation potential of the 
dichrornate increases rapidly with the acidity, whereas as we shall see later 
the potential of the system diphenylbenzidine and its violet oxidation 
product is practically independent of the concentration of the hydrogen 
ions. This explanation is supported by the behavior of diphenylamine and 
diphenylbenzidine with stronger oxidizing agents; e. g., with potassium 
permanganate the violet appears instantly a t  all acidities. 

Mercuric dor ide  has a pronounced inhibiting effect, whereas traces of 
ferrous iron show an enormous accelerating effect; when both are present at 
the same time the iron only partially neutralizes the adverse action of the 
mercuric chloride. It may be mentioned that ferric iron is without any 
effect. Hence the oxidation is induced by the reaction between ferrous iron 
and potassium dichromate, which is in harmony with the primary oxide 
theory of Manchot. First, the ferrous ion is oxidized to an intermediate 
unstable higher oxidation state than ferric iron, which in turn reacts 
rapidly with diphenylbenzidine. 

Finally it should be mentioned that in all cases where a large excess of 
oxidant was added, the violet color was quickly destroyed, becoming first 
red, then yellow, with dark flocks precipitating out after standing for some 
time, leaving a colorless solution in which it was impossible to get the violet 
again. The diphenylbenzidine violet is therefore decomposed in an irre- 
versible way by excess oxidant. 

11. Light Absorption by Diphenylbenzidine Violet.-The light ab- 
sorption of the violet oxidation product of diphenylamine and diphenyl- 
benzidine (which will be called diphenylbenzidine violet and abbreviated 
D.B.V.) in hydrochloric and sulfuric acids of various concentrations was 
determined by means of a Keuffel and Esser spectrophotometer and, in 
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agreement with the experiments of Thiel,B the curves were found t o  be 
nearly flat between 5400 and 5700 A., the absorptions differing by less than 
ly0 over this range. The intensities of the colors increased more or less 
slowly with the time, according to the concentration of the acid, and later 
decreased, so that it was difficult to obtain comparable readings for the 
whole absorption curve a t  one time: a t  one stage they were practically 
constant for a few minutes, however, and by working rapidly fairly compar- 
able values were obtained; but it was not possible to derive transmission co- 
efficients undcr these conditions. A definite shift of the absorption maxi- 
mum toward the longer wave lengths was observed in the stronger acid 
solutions, from 5600 A. for the colored oxidation product froin either indi- 
cator in 0.5 N hydrochloric or sulfuric acid to 5850 A. for 6 N acid solu- 
tions. This agrees well with Thiel's value of 5870 A. for diphenylamine in 
50% sulfuric acid, considering that he worked at a still higher acidity. 
The fact that the colored oxidation products of both diphenylamine and 
diphenylbenzidine have identical absorption spectra is one proof that  the 
two bases give identical compounds (see discussion, Section V). 

111. Solubility of Diphenylbenzidine and the Order of its Ionization 
Constant.-The solubilities of diphenylbenzidine in water, in various con- 
centrations of hydrochloric acid, sulfuric acid and sodium chloride, and 
in saturated mercuric chloride have been determined by a nephelometric 
method. A freshly prepared solution containing 0.04 mg. of diphenyl- 
benzidine per cc. in a mixture of concentrated sulfuric and glacial acetic 
acids (10 and goy0 by volume, respectively) was dispensed from a micro- 
buret, 0.01 cc. a t  a time, into 50 cc. of water or solution contained in a small 
beaker.' After each addition the solution was stirred, poured carefully 
(to avoid formation of air bubbles) into Nessler tubes, and compared with 
other tubes containing only the solvent, in a dark room in a simple nephelo- 
meter constructed from a photographic dark-room lamp. Solubilities were 
estimated from the minimum volume of standard solution required to give 
the faintest perceptible permanent cloud, and could be reproduced with an  
accuracy of about 10010, which is quite satisfactory for such extremely 
small values; the concentrations were so low that the solutions did not 
show any perceptible color with oxidizing agents. Solubilities estimated in 
this way for water both a t  room temperature and a t  50' were 0.06 mg. per 
liter, while those for 0.5 N and N sodium chloride, and saturated mercuric 
chloride were 0.05 mg. per liter. Solubilities of diphenylbenzidine in 
various concentrations of hydrochloric acid and the corresponding hy- 
drolysis constants of the base are given in Table I. 

Although diphenylbenzidine is a diacid base, its first ionization constant 

A. Thiel, 2. Elektrochem., 35,274 (1929). 
Soon after the preparation of diphenylbenzidine standard solutions, a green com- 

pound separated out; hence it  was necessary to use fresh solutions. 
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TABLE I 
SOLUBILITIES IN HYDROCHLORIC ACID AND HYDROLYSIS CONSTANT OF DIPHENYL- 

BENZIDINE AT 25' 
Normality Mg. D.B. Mg. D.B.H+ KHydro1,ysis  

of HC1 per liter per liter K ~ y d r o l ~ s i s  (corr. for salting out) 

is so small that the solubility in acids will be mainly determined by the 
magnitude of this constant, according to the equations: 

Diphenylbenzidine + H +  Diphenylbenzidine H +  (1 )  

and 
[aD.B.l[aH+] - [aD.B . ] [H+]  fH+ - 

[aD.B.Hf 1 [D.B.H+] fD.B.H+ = K ~ y d ' O 1 y s i s  ( 2 )  

where [aD.B.] is the activity of diphenylbenzidine and equals the solubility 
in water, [aH+] is the activity of the hydrogen ion and [aD.B.H+] that of 
the diphenylbenzidine cation. Since fH+ and jD.B.H+ represent the 
activity coefficients of univalent ions a t  the same ionic strength, their 
magnitude will be of the same order, and the ratio of activities can be 
assumed to be equal to the ratio of ionic concentrations; this may introduce 
an uncertainty of 510% at higher acidities, but it is not serious when the 
approximate nature of the solubility determinations is considered. The 
concentration [D.B.H+] is equal to the difference between the solubilities 
of diphenylbenzidine in acid and in water, but should be corrected for the 
salting out effect of the electrolyte. In order to approximate the magni- 
tude of this correction, the solubility of diphenylbenzidine was determined 
in N and 0.5 N sodium chloride solution, and the salting out effect was 
assumed to be the same in hydrochloric acid of corresponding concentra- 
tions. The activity of the diphenylbenzidine is not changed by the salting 
out, although the actual concentration may be reduced; hence it may be 
assumed to be equal to the solubility in water. So i t  follows that 

lSwl ' l H + ]  = K ~ ~ ~ ~ ~ l ~ ~ i ~  (uncorrected) 
[SA - S W ~  

and 

where Sw represents the solubility of diphenylbenzidine in water, SA the 
solubility in acid and Ss that in salt solution, while the hydrogen-ion 
concentration is assumed to be equal to the normality of the acid. 

In this way the hydrolysis constant (corrected for salting out effect) has 
been determined and found to be remarkably constant in acid concentra- 
tions between 0.1 and 2.0 N, with an average magnitude of 0.50 a t  25'. 
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Hence the constant of the first ionization of diphenylbenzidine is 2 X 10-14 

a t  2s0, whereas Thiefqound a value of 7.6 X 10-l4 for diphenylamine a t  
15'. 

The solubility of diphenylbenzidine in sulfuric acid is much smaller than 
in hydrochloric acid of corresponding normality, on account of the lower 
activity of the hydrogen ions in the former acid. In 4 N hydrochloric acid 
and 6 N sulfuric acid the solubility of diphenylbenzidine is much greater 
than could be expected from its behavior as a monoacid base; the activity 
of the hydrogen ions in these strongly acid solutions is much larger than the 
corresponding concentrations, and also the second basic group may play an 
important part in strong acid medium. 

Finally, it is of interest to point out that since the solubility of diphenyl- 
benzidine in saturated mercuric chloride is approximately the same as in 
water, we cannot explain the great inhibiting effect of this salt on the color 
development by the formation of a complex between i t  and diphenylbenzi- 
dine; so i t  seems more reasonable to suppose that i t  reacts in some way 
with the colored compound or intermediate products. 

IV. Potentiometric Titrations.--Freshly prepared solutions of di- 
phenylamine and diphenylbenzidine in various concentrations of sulfuric 
acid were titrated potentiometrically with 0.01 N potassium dichromate 
solutions containing the same concentrations of sulfuric acid as the titration 
mixtures, both a t  room temperature (2430') and a t  50'. The bright 
platinum gauze electrode was ignited before each titration, and used in 
conjunction with a saturated calomel electrode with salt bridge of agar and 

'saturated potassium chloride. 
The experiments were not very satisfactory from the stoichiometric 

point of view, because of the slowness with which equilibrium is established 
and the occurrence of side reactions. However, it was found that the main 
reactions could be represented thus 

Diphenylamine Diphcnylbenzidine 

H H 

Diphenylbenzidine 

<)N<~)\~=NC) + 2H+ 4- 2e (6) 

Diphenylbenzidine violet 

The oxidation of diphenylamine to diphenylbenzidine is irreversible, 
and i t  even seems doubtful whether the reversible system, diphenylbenzi- 
dine , diphenylbenzidine violet, ever reaches a constant potential. I n  
the first place they react with each other to form an extremely slightly 
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soluble green meriquinoid (a molecular compound of diphenylbenzidine 
and diphenylbenzidine violet). Moreover, the diphenylbenzidine violet 
itself easily undergoes further oxidation by an irreversible reaction. There- 
fore the potentials observed in direct titrations depend upon the time which 
has elapsed since the addition of the oxidant, the temperature, the acidity 
and the amount of excess oxidant. Yet it is possible to obtain reproducible 
results when the titrations are made under similar conditions. When the 
dichromate is added rapidly the violet appears before complete oxidation of 
diphenylamine to diphenylbenzidine, but the color fades on standing and 
the potential drops. After the quantitative formation of the diphenyl- 
benzidine, a continued addition of dichromate oxidizes it to diphenylbenzi- 
dine violet, but part of this reacts with unchanged diphenylbenzidine to 
form the green meriquinoid. This meriquinoid formation is less a t  higher 
temperatures than at room temperature. 

The potentials observed during the oxidation of diphenylamine to 
diphenylbenzidine have no exact significance, because the reaction is irre- 
versible and the electrode behaves more or less like an oxygen electrode, 
with the values decreasing on long standing. At the beginning of the 
oxidation of diphenylbenzidine to diphenylbenzidine violet the potentials 
are reproducible, although the meriquinoid formation and the decomposi- 
tion of the violet are responsible for the fact that the potentials are never 
constant for an indefinite time. 

I n  Table I1 a summary is given of the results found in a few examples 
taken from a large number of direct titrations of 1.69 mg. of diphenylamine 
with 0.01 N potassium dichromate a t  different acidities and temperatures.'. 
The table is self-explanatory with the exception of the last two coIumns; 
of these, the former gives the number of equivalents of oxidant added before 
a violet color was perceptible in the solution (which point could be only 
approximated, since the green greatly obscured the violet), and the latter 
column indicates the potential (against saturated calomel electrode) a t  
which the violet was first visible in the solution. Probably there was 
already some violet in the solution before it could be perceived, on account 
of being masked by the green; this could be inferred from the results of 
the back titrations, as will be shown later. The violet was generally first 
observed a t  potentials of 0.510-0.525 v. (against saturated calomel elect- 
rode) when the titrations were made in the presence of ferrous iron. 

These results show that in the direct titration of diphenylamine two 
jumps in potential are observed under the proper conditions, the first 
corresponding to the complete oxidation of diphenylamine to diphenyl- 
benzidine, the second to the complete oxidation of the latter to diphenyl- 
benzidine violet. The last does not correspond exactly to the stoichio- 
metric value on account of the fact that the green insoluble meriquinoid 
formed during the titration is attacked very slowly (tending to cause low 
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TABLE I1 
DIRECT TITRATIONS OF DIPHENYLAMINE WITH POTASSIUM DICHROMATE 

50-cc. portions of acid of the designated normality containing 1.69 mg. of diphenytamine 
used for each titration 

First jump Second jump Violet first perceptible 
( D . A . 4 D . B . )  (D.B.--3D.B.V.) 

Approx. Agprox. Approx. 
Equiv. of e. m . f .  Equiv. of e. m. f .  Equiv. of e. m.  f .  
oxidant (against oxidant (against oxidant (against 

HPSOI, Temp., required satd. required satd. required satd. 
N OC. (calcd. 1.0) C.E.), v. (calcd. 2.0) C.E.), V. (calcd. 1.0) C E ), v 

results), and because part of the diphenylbenzidine violet is oxidized irre- 
versibly to other products (tending to cause high results). 

Similar titrations have been made with diphenylbenzidine under the same 
conditions of time and acidity, which confirm the results obtained with 
diphenylamine; but, owing to the slight solubility of the former, still more 
difficulties were encountered. Of course, only one jump in potential occurs 
in this titration, after the complete oxidation to diphenylbenzidine violet. 

On account of the fact that equilibrium is established fairly slowly in 
direct titrations, with much opportunity for side reactions, i t  was thought 
desirable to add the diphenylamine or diphenylbenzidine to a small excess of 
dichromate and then back-titrate as quickly as possible. It is inevitable 
that some of the diphenylbenzidine violet will be further oxidized by the 
excess dichromate when working in this way; but by making the excess 
small and working rapidly i t  has been possible to obtain reproducible results 
which confirm the proposed theory of the reaction mechanism. The 
oxidized solutions were kept a t  room temperature until the excess di- 
chromate had been reduced with ferrous iron, in order to  minimize further 
oxidation of the diphenylbenzidine violet; they were then warmed t o  50° 
for the rest of the titration, to hasten the establishment of equilibrium. 
Two jumps in potential were observed, the first corresponding t o  the com- 
plete reduction of the excess dichromate, and the second to  the completion 
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of the reduction of the diphenylbenzidine violet to the meriquinoid, di- 
phenylbenzidine green. Averaging the results of a large number of titra- 
tions of diphenylamine a t  different acidities, i t  was estimated that after the 
removal of excess dichromate, 2.01 equivalents of the oxidant had been 
consumed by the diphenylamine (calcd., 2.0), and that the potential a t  the 
equivalence point was 0.575 v. (against saturated calomel electrode); 
likewise, the second jump, corresponding to the complete reduction of the 

diphenylbenzidine violet to di- 
phenylbenzidine green, indicated 
that 1.62 equivalents of oxidant 
were required to oxidize the origi- 

0.60 nal diphenylamine to diphenyl- 
benzidine green (calcd., 1.5), and 
the potential a t  this equivalence 
point was 0.510 v. (against satu- 

5 0.56 - rated calomel electrode). Such a 
0 + back-titration is shown graphically 
u; in Fig. 1, where the first part of the 

curve represents the reduction of 
Fzi 0.52 the excess dichromate by ferrous 

sulfate, and the portion following 
the first break shows the reduction 
of diphenylbenzidine violet to the 
meriquinoid, diphenylbenzidine 
green, the second break indicating 
this equivalence point. 

Similar experiments were made 
0.2 0.4 with diphenylbenzidine, but were 

0.01 N FeSOI added, cc. less satisfactory from the stoichio- 
Fig. 1.-Back titration of diphenylbenzi- metric point of view, for the reasons 

dine violet and excess potassium dichromate in prev~ously given; in all cases, how- 
0.6 N sulfuric acid. 

ever, the color change from violet 
t o  green took place a t  the same potential as with diphenylamine, 0.51 * 
0.01 v. (against saturated calomel electrode), or 0.76 +. 0.01 v. (against 
normal hydrogen electrode). It is striking that the potential a t  which this 
color change takes place is very constant, and quite independent of the 
acidity. Hence, i t  may be concluded that diphenylamine and diphenyl- 
benzidine give their violet oxidation product in solutions having higher 
oxidation-reduction potentials than those mentioned above, a t  all reason- 
able acid concentrations. In general, the curves representing the potentials 
during the reduction of diphenylbenzidine violet to diphenylbenzidine green 
have the same shape, and corresponding points have the same potentials 
a t  all acidities between 0.1 and 1.0 N. 
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Further, although the results have no exact quantitative significance, 
they confirm the reaction mechanism represented by Equations 5 and 6. 

V. Discussion.-1. The potentiometric experiments show that  upon 
slow addition of a strong oxidizing agent to a solution of diphenylamine in an  
acid medium, one equivalent of oxidant is consumed before the violet is 
formed. Moreover, before the solution becomes colored, a milky cloudi- 
ness is observed, probably from diphenylbenzidine, which is very slightly 
soluble. That diphenylbenzidine is indeed the first oxidation product 
obtained from diphenylamine was proved by the following experiment. 
To a liter of a solution of 100 mg. of diphenylamine in 0.1 N sulfuric acid, 
90% of the theoretical amount of dichromate necessary for the oxidation t o  
diphenylbenzidine was added slowly a t  50'. The solution soon became 
opalescent, with a tinge of green from the chromic salt formed. The 
white insoluble substance coagulated immediately upon boiling, and was 
filtered off and washed first with water and then alcohol. The residue was 
recrystallized from boiling toluene and dried a t  105'. The melting point 
of this product was 244-245' (uncorr.), and the same value (within 2') was 
found for a mixture of this with pure diphenylbenzid~ne.~ 

This experiment partly confirms the important work of Kehrmann and 
MicewiczIg who were the first to clear up the reaction mechanism in the 
oxidation of diphenylamine. Although the colored oxidation products of 
diphenylamine had been known and studied for a long time, the interpreta- 
tions of the reaction given by various writersl0 were quite contradictory. 
Kehrmann and Micewicz obtained tetraphenylhydrazine, then diphenyl- 
benzidine, then a green oxidation product of diphenylbenzidine which they 
ca1Ied a half-quinoid salt, or quinhydrone, and, finally, the blue holoquinoid 
salt. Further strong oxidation gave a yellow solution, and then, by molec- 
ular rearrangement, a red solution. Dilute acid solutions of all these 
quickly became colorIess, with precipitation of greenish-black flocks. 
These results were confirmed in the main by a number of writers, especially 
Marqueyrol and Muraour,ll except that the latter obtained only traces of 

I t  should be mentioned that there is some confusion in the literature as to the cor- 
rect melting point of diphenylbenzidine. R. Gnehrn and H. Werdenburg [Z. angm. 
Chem., 43, 1027, 1051, 1128 (1899)j gave it as 246-248'; V. Kadiera [Ber., 38, 3575 
(1905)l reported it as 24Z0, corrected; and M. Marqueyrol and H. Muraour [Bull. 
SOG. chim., 15, 186 (1914)l found 250.5-251.5'. 

F. Kehrmann and St. Micewicz, Ber., 45,2641 (1912). 
lo A. W. Hoffmann, Ann., 132, 160 (1864); V. Merz and W. Weith, Ber., 5, 283 

(1872), communicated by 0. Meister ; R. Gnehm and H. Werdenburg, Z. angm. Chem., 
43, 1027, 1051, 1128 (1899); A. Baeyer, Ber., 38, 583 (1905); V. Kadiera, ibid., 38, 
3575 (1905) ; F. D. Chattaway and H. Ingle, J. Chem. SOC., 67,1090 (1895) ; H. Wieland 
and S. Gambarjan, Ber., 39,1499 (1906). 

11 M. Marqueyrol and H. Muraour, Bull. soc. chim., 15, 186 (1914); Ann. chim. 
anal. afipl., 19, 174 (1914); H. Wieland, Ber., 46, 3296 (1914); ibid., 52, 886 (1919); 
H. Wieland and C.  Miiller, ibid., 46,3304 (1914). 
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diphenylbenzidine when tetraphenylhydrazine was taken as the starting 
substance. At first Wieland believed that each molecule of diphenylamine 
splits off one molecule of hydrogen (as H20) upon osidation, to give the 
bivalent radical [Ph-N=CoHd]=, which then polymerizes to the blue 
product P~-N=C~H~=CGH~=N-P~;  but Marqueyrol and Muraour 
showed by quantitative experiments that diphenylbenzidine is indeed the 
main product, and Wieland later concurred in their conclusions. 

An interpretation similar to the original one of Wieland has recently been 
offered by Thiel,6 but he assumes that not the free amines, but the corre- 
sponding cations, enter into reaction. Although i t  is quite possible that the 
formation of the bivalent cation depends upon working conditions (acidity, 
temperature, solvent, etc.), the present paper shows definitely that a t  
fairly low acidities (0.1-2.0 N) with slow addition of the oxidizing agent, 
diphenylbenzidine is the first product which can be isolated. 

Hence, it is felt that the first stage in the oxidation of diphenylamine is 
correctly represented by Equation 5 (Section IV), since the formation of 
diphenylbenzidine in nearly stoichiometric amounts has been proved, while 
no evidence of the formation of intermediate compounds has been found. 

2. Diphenylbenzidine may be further oxidized to the violet or blue 
holoquinoid salt, diphenylbenzidine violet, by a reversible reaction Equa- 
tion 6,  (Section IV). This diphenylbenzidine violet is a very unstable com- 
pound, and is easily oxidized further to yellow or red compounds whose 
composition is as yet unknown; or i t  may react with unchanged diphenyl- 
benzidine to  form the greenish-black meriquinoid, diphenylbenzidine green. 
I n  fact, i t  is possible to titrate the color out of an oxidized diphenylbenzi- 
dine solution by adding a solution of pure diphenylbenzidine. While i t  is 
impossible to state with certainty, i t  is believed that diphenylbenzidine 
green is an equimolecular compound of oxidized and unoxidized diphenyl- 
benzidine. 

3. This meriquinoid, diphenylbenzidine green, which was first men- 
tioned by Kehrmann and Micewi~z,~ is an extremely slightly soluble green 
substance, and obscures the perception of the violet in the solution. A 
saturated solution of i t  in water or acid is colorless, and contains so little 
diphenylbenzidine that it is not colored by an oxidizing agent. A suspen- 
sion of the green product is, however, changed to  violet by dichromate or 
any strong oxidizing agent, which shows the presence of diphenylbenzidine 
in the compound. On account of its extremely slight solubility, it is hard to  
reduce i t  with ferrous sulfate, but stronger reducing agents like stannous 
chloride discharge the color rapidly, and a milky white opalescence from the 
diphenylbenzidine remains. If diphenylbenzidine violet is titrated po- 
tentiometrically with ferrous sulfate, a jump in potential occurs a t  the 
point where all the violet has been reduced to the green meriquinoid; if, 
however, the ferrous sulfate is added very rapidly, the formation of the 
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green product is prevented, and the reduction g o ~ s  as far as diphenyl- 
benzidine. The stability of a stlspension of the neriquinoid decreases with 
the temperature; a t  50' it shows a weak violet color, which indicates that 
the dissociation of the nolecular compound is greater a t  50' than a t  room 
temperature. 
4. If a small excess of potassium dichromate is added either to diphenyl- 

amine or diphenylbenzidine, both indicators behave identically upon back- 
titration with ferrous sulfate, which shows that the oxidation product is the 
same in both cases; this conclusion is also confirmed by the similarity of 
the absorption spectra (Section IT). 

5.  It seems very remarkable that the potential at which the violet 
changes to green is independent of the acidity, at about 0.51 A 0.01 v. 
against saturated calomel electrode, or at about 0.76 * 0.01 v. against the 
normal hydrogen electrode, even the temperature having a negligible 
effect on this value. It was shown by special experiments that even a t  
PH values of 3 to 4, the change from violet to green takes place a t  approxi- 
mately the same potential, although the diphenylbenzidine violet itself is 
extremely unstable a t  these low acidities. 

According to Equation 6 (Section IV) the oxidation-reduction potential 
should be 

where a designates the activity of the specified substance or ion. There- 
fore one would expect that E would increase 60 millivolts for each decrease 
of 1 in the PH. 

Now if we consider the system diphenylbenzidine violet -' diphenyl- 
benzidine green, especially a t  the moment when the violet changes to  
green, we can safely assume that [aD.B.] is a constant, because diphenyl- 
benzidine is very slightly soluble and its activity in a saturated solution will 
be a constant (cf. Section 111). The diphenylbenzidine violet, on the 
other hand, had a variable concentration; further, part of i t  is present as 
cation (also violet or blue), and part as the free base, the latter determining 
the potential, according to the equations 

D.B.V. + 2H+ D.B.V.Hz++ (8) 

Now, if diphenylbenzidine violet is a relatively strong base, as compared 
with diphenylbenzidine itself (which seems probable), practically all the 
dyestuff will be present as cation in the fairly strong acid solution. There- 
fore, if we co~~sider the [D.B.V.] at different PH values, but a t  the same 
total concentration of dyestuff (free base + ions), then we may assume that  
[D.B.V.H2+ +] is practically the same in all the solutions, while the con- 
centrations of the free base are quite different. 
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Assuming [aD.B.] a constant, we have from Equation 7 

E = E: + log [aD.B.V.] [aH+I2 

or, since 

[D.B.V.] = dyestuff K approximately 
[OH +I2 (11) 

we derive by substitution 
0.060 [Total dyestuff1 [aH+12 - 

E = E: f -r log - 
[aH+I2 

E: f 0.03 log [Total dyestuff] approximately (12) 

It thus becomes comprehensible why the oxidation-reduction potential 
is independent of the acidity, although i t  must be emphasized that the 
above relations hold only approximately. 

6. It has already been mentioned that diphenylbenzidine violet can be 
oxidized to  other products; a t  low acidities, especially, i t  is very unstable. 
In solutions with a PH of 7 to 2, potassium dichromate is not able to oxidize 
diphenylamine or diphenylbenzidine to  the violet; but potassium per- 
manganate, on the other hand, oxidizes both indicators easily a t  these 
acidities, due to its higher oxidation-reduction potential. The violet is the 
more easily destroyed, the lower the PH and the higher the oxidation- 
reduction potential; in acetic acid medium, the violet produced by oxidiz- 
ing diphenylamine with permanganate disappears almost instantly. 

7. Potentiometric titrations have been made in the presence of mercuric 
chloride in order to see whether this substance has a specific effect upon 
oxidation-reduction potentials, but it was not possible to make satisfactory 
measurements. Even the ferrous iron-dichromate titration was im- 
possible; the electrode was slow, and no jump in potential occurred a t  the 
equivalence point. It seems that the electrode takes up some mercury by 
polarization, and does not respond quickly to excess of oxidant. This may 
be of significance in the use of a bimetallic electrode system. 

Summary 

1. At acidities between 0.1 and 2.0 N, diphenylamine is oxidized quanti- 
tatively to diphenylbenzidine by potassium dichromate if the oxidant is 
added slowly to the former solution. Further addition of dichromate 
oxidizes the diphenylbenzidine to a violet quinoid salt, which quickly com- 
bines with unchanged diphenylbenzidine to form an extremely slightly 
soluble green meriquinoid salt. 

2. In  titrating diphenylbenzidine violet with ferrous sulfate the color 
change, violet to green, takes place a t  a potential of about 0.51 v., against 
saturated calomel electrode; or a t  0.76 v., against the normal hydrogen 
electrode, regardless of the hydrogen-ion concentration of the solution. 
An explanation has been offered to account for this. 
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3. The results of the analytical study are not very satisfactory from the 
stoichiometric point of view, because side reactions may occur, diphenyl- 
benzidine and diphenylbenzidine green are very slightly soluble, and 
diphenylbenzidine violet decomposes rapidly, especially a t  low acidities. 

4. The absorption spectra of oxidized diphenylamine and diphenyl- 
benzidine solutions have been determined and found to  be identical; the 
maxima of the curves are very flat, and shift toward the longer wave lengths 
in stronger acid solutions. 
5 The solubility of diphenylbenzidine in water is 0.06 + 0.005 mg. per 

liter a t  25-50'; and its ionization constant a t  25' is of the order of 2 X 
10-14. 

MINNEAPOLIS, MINNESOTA 

STUDIES I N  INTENSIVE DRYING1 

The following is an account of an experimental study of the intensive 
drying, and therewith "the catalytic" effect of small traces of water, 
m,ainly in liquid benzene, which leads to an explanation of the phenomenon 
observed. Since Baker's work was published in 1922 there has been a 
constant stream of theoretical explanations of intensive drying, as well as a 
large number of experimental studies dealing with this strange phenomenon. 

It is unnecessary in this paper to give even a synopsis of either the 
theoretical or the experimental aspects of this problem, inasmuch as quite 
recently this whole subject has been carefully and most adequately re- 
viewed in book form under the title of "The Effects of Moisture on Chemi- 
cal and Physical Changes," by J. W. Smith.3 

Suffice it to say that since Baker's4 paper data have accumulated which 
tend to  support, and lately some as justly to contest, the view that  when 
the last traces of water are removed from certain liquids, there occur 
physical changes in the latter that are consistent with the assumption of an  
association of the molecules in the liquid. The properties investigated 
have been such as the boiling point, freezing point, density, vapor density, 
surface tension, latent heat of vaporization and vapor pressure. However, 

Based on a dissertation submitted June, 1929, to the Board of University Studies 
of the Johns Hopkins University in partial fulfilment of the requirements for the degree 
of Doctor of Philosophy. 

Holder of the Boston Alumnae Fellowship of the American Association of Uni- 
versity Women for 1929-1930, when this work was completed. 

Longmans, Green and Co., 1929. 
Baker. J. Chem. Sac., 121, 568 (1922). 
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from a theoretical and practical consideration of the work of other in- 
vestigators, it was assumed when this work was begun in 1927 that the 
vapor pressure of the liquids was the property the least open to misinter- 
pretation and also the most reliable from the standpoint of experimental 
technique. This work began with the purpose of finding a means of 
producing liquids exhibiting the intensive drying effect in a shorter time 
than previously in order that the phenomenon might be more readily 
investigated. 

Experimental Part 

The Possibility of Compound Formation with Phosphorus Pentoxide 
and Benzene.-In the course of the preliminary work, benzene that had 
been purified by the method used by Hill5 was found to produce color in 
pure phosphorus pentoxide when the mixture was stored in the light. 
The phosphorus pentoxide was prepared by resubliming Baker's pure 
phosphoric anhydride in a current of pure oxygen according to the method 
of Finch and Fraser6 and the product satisfied the requirements of Baker7 

and of Finch and Petos for purity. 
Experimental investigation indicated that small traces of impurities in 

benzene-mainly sulfur compounds such as thiophene and carbon disul- 
fide-are capable of imparting color to phosphorus pentoxide, varying from 
pale grayish-pink to yellow, when a mixture is stored in the light. 

An investigation of the methods more generally used for the purification of 
benzene rarely revealed attempts to eliminate carbon disulfide which along 
with thiophene is one of the chief contaminants of commercial benzene. 

Rigid purification of benzene either by an extension and combination (1) 
of the methods of GoldbergQnd Haller and Michello or (2) of the methods 
of Goldberg and Victor Meyerll which proved to be the more convenient 
method-gave a product which distilled within O.O1° and failed to  impart 
any color to the phosphorus pentoxide upon heating or after a year's 
exposure to  light. 

The increased boiling points reported by Baker were ascribed by Bala- 
rew12 possibly to the formation of compounds with phosphorus pentoxide 
and benzene. A search of the literature revealed that Giran13 reported defi- 
nite, solid, colored compounds insoluble in benzene resulting from the re- 
action of phosphorus pentoxide and benzene. As stated previously, impure 

Hill, THIS JOURNAL, 44, 1168 (1922). 
Finch and Fraser, J. Chem. Soc., 117 (1926). 
Baker, ibid., 121, 569 (1922). 
Finch and Peto, ibid., 121, 693 (1922). 
Goldberg, 2. angew. Chem., 4, 75 (1899). 

lo Haller and Michel, Bull. soc. chim., [3] 15, 1065 (1896). 
l1 Victor Meyer, Ber., 18, 1489 (1885). 
l2 Balarew, J. prakt. Chem., 116, 57 (1927). 
I 3  Giran, Compt. rend., 126, 592 (1898) ; ibid.,  129, 965 (1899). 
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benzene did impart similar coloratiol~s to pure phosphorus pentoxide, but 
this present investigation indicated no such compounds as described by 
Giran with pure benzene and pure phosphorus pentoxide. Moreover, a 
fused glass apparatus containing a differential mercury manometer such as is 
described in the following section of this paper revealed no decrease in the 
vapor pressure of impure benzene dried with phosphorus pentoxide for 
two years. This would indicate that even if a compound were formed in 
the impure benzene, it was insoluble as Giran reported, and had no measur- 
able vapor pressure, thus causing no change in the vapor pressure of the 
benzene. 

Experiments with Phosphorus Pentoxide and Fused Glass Appa- 
ratus.-In 1926, Smits14 reported that capillary-free glass hastened the 
drying of liquids with phosphorus pentoxide. His glass surfaces were fused 
and then cleaned with chromic acid, washed, steamed and dried. This 
chromic acid treatment has been shown by other investigators16 to etch the 
surface of the glass. In order to preserve the beneficent effects of a fused 
pyrex glass surface, the apparatus used in the present investigation was 
first cleaned with chromic acid and, in the usual manner, washed with water 
and dried. It was then fused by an expert glass blower who melted the 
glass completely and then shaped it, blowing at  all times through a tube of 
phosphorus pentoxide to avoid the access of water to the apparatus. 

The entire apparatus of the circulating and of the static types similar to 
those used by Smits,14 was constructed of fused glass and contained a 
differential mercury manometer to indicate the difference in pressure 
between the benzene being dried with phosphorus pentoxide on the one 
side, and a sample of the same normal benzene in a fused glass bulb on the 
other side. The vessels were filled under moisture-free conditions by the 
passage of a stream of air dried with phosphorus pentoxide. The liquids 
were frozen with solid carbon dioxide and ether when the apparatus, 
evacuated thoroughly by using a mercury diffusion pump in series with a 
high vacuum oil pump, was sealed off. The manometer was then filled 
with dry mercury from a reservoir in the apparatus by tilting the latter 
slightly. 

No difference between the vapor pressures on the two sides of the pieces 
of apparatus has been observed even after three years in one case and 
twenty-sei.en months in two other cases. Moreover, in defense of Baker 
when his work was attacked by Balarew,12 Smits16 reported that he could 
detect no vapor pressure change in some of his pieces of apparatus after 
two years' drying. 

Experiments with Silica Gel and Benzene.-A preliminary experiment 

l4 Smits, J. Chem. Soc., 2655 (1926). 
l6 Frazer, Patrick and Smith, J.  Phys. Chem., 31, 897 (1927) 
l6 Smits, 2. physik, Chem., 129, 33 (1927) 
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using pure, activated silica gel as the drying agent indicated a definite de- 
crease in the vapor pressure of benzene. This drying effect appeared with- 
in twenty-four hours and seemed to  have reached complete equilibrium 
after being kept for five days in a thermostat a t  25O. 

Apparatus of the type shown in Fig. 1 was constructed and joined in ring 
form. The differential manometer M contained pure mercury which was 
heated in the manometer with pumping for several hours to remove dis- 
solved air and moisture. The pumps continued while the whole apparatus 
was heated well with a carbon flame to remove surface moisture and 
tested for leaks with a spark coil. 

Fig. 1. 

After the purified silica gel,17 activated a t  500°, was sealed up in vessel A, 
tube D was cracked and filled with pure phosphorus pentoxide and benzene, 
purified by the methods recommended earlier in this paper. Point L was 
plugged with glass wool to retain the phosphorus pentoxide used for the 
preliminary drying of the benzene. Tube D was quickly sealed while its 
contents were frozen with liquid air. The system was then evacuated to 

mm. using an oil pump in series with a two-stage mercury diffusion 
pump. The liquid in D was melted, boiled, frozen with liquid air and 
opened to the pumps to remove dissolved air. This deaeration was re- 
peated a t  least three times, or until no further air was removed by the 
process. The benzene was then distilled from D into vessels B and C 
simultaneously by immersing them in liquid air and removing the refriger- 
ant  from D. The apparatus was then pumped down to lod mm. while the 
silica gel was heated to remove adsorbed liquid. The apparatus was 
sealed off a t  H while the pump continued and the silica gel in A was then 

l7 Patrick, Frazer and Rush, J. Phys. Chem., 31, 1511 (1927). 
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heated for half an hour with a large air flame which was kept in constant 
motion to prevent collapse of A. The apparatus was sealed off a t  G at a 
pressure of mm. of mercury. The liquid air was removed from B and 
C when the silica gel had become cold and the benzene in B was allowed to  
distil onto the activated silica gel. 

This method was used with pure benzene, pure carbon tetrachloride and 
pure carbon disulfide. With each a decrease in vapor pressure was ob- 
served upon drying the liquid with activated silica gel. Out of the nine 
pieces of apparatus that lasted through the above treatment without 
breaking, only one failed to manifest a decrease in pressure on the dry side. 

Results.-These vapor pressure differences were measured a t  constant 
temperatures by means of a cathetometer and were checked to  be certain 
that equilibrium had been attained. The vapor pressure differences ob- 
served for one liquid varied somewhat from one apparatus to another, 
as for example 

Liquid T, OC. A P ,  mm. 

CCla 0 3 .67  
CC14 0 3 .30  

Likewise, the vapor pressure differences varied among the different liquids 
as is shown by examples in Table I and plotted in Fig. 2. These values 
were taken a t  definite points as the temperature of the thermostat was 
raised from 20 to 50°, and were checked as it was lowered from 50 to  20°. 

Liquid (1) Benzene 

T, O C .  A P ,  mm. 

- 80.0 0 . 0  
0 . 0  3.13 
5 . 7  5.07 

11.0 5.92 
20.8 7.54 
25.6 8.40 
27.2 8.83 
34.7 10.33 
38.3 11.24 
45 .5  12.71 
50.6 13.76 

VAPOR PRESSURE DATA 

Liquid (2) Carbon 
Tetrachloride 

T, "C. AP,  mm. 

-80.0 0 . 0  
0 .0  3.67 

21.8 6.53 
31.1 6.88 
40.8 7.24 
48.3 7.54 

Liquid (3) Carbon 
Disulfide 

T, OC. A P ,  mm. 

-180.0 0 . 0  
0 . 0  3 .35  

10.5 7.00 
14 .8  10.20 
16 .4  11.92 
18.9 13.84 
21 .O 15.85 
23 .2  18.46 

These differences are all of similar order of magnitude and in the same 
direction as those reported in the De Liefde dissertation,18 and there were 
no differences manifested at  -180.0 and -80.0°, showing that  the 
systems were air-free and that the differences were not due to  dissolved air 
or gas. 

l a  W. C. Qe Liefde, "Dissertation," Amsterdam, 1927, 
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Experiments with Liquids Dried with Silica Gel.-In the course of the 
investigation of these liquids dried with silica gel, attempts were made to 
study the effect of the replacement of water, the "catalyst," which ac- 
cording to the theory of SmitsIg and Bakerz0 is removed by prolonged or 
intensive drying and causes measurable changes in the molecular com- 
plexity of certain substances. 

0 4 8 12 16 20 24 28 32 36 40 44 
Temperature, O C .  

Fig. 2. 

In order to effect the addition of moisture to benzene, the silica gel bulb 
was removed from the dry side of one piece of apparatus which was sealed 
to a series of bulbs and the pumping system. The mercury manometer had 
been frozen to act as a seal between the two sides of the apparatus. Silica 
gel a t  a saturated vapor tension of 4.5 mm. of water was added to the dry 
liquid, frozen with liquid air and the system was evacuated. The manom- 
eter which should have been level because of the replacement of the 
"catalyst" showed, however, a pressure difference of roughly 2.5 mm. a t  
room temperature instead of the previous 7 mm. with the dry material 
alone. After distilling the benzene onto phosphorus pentoxide to remove 
the moisture and sealing off the silica gel that had been added, the benzene 
again manifested the previous 7 mtn. pressure difference at  20'. 

Discussion 

The behavior studied in the above experiments in intensive drying 
indicated no catalytic action, but merely the addition of the partial pressure 
of water. It strengthened the theory that the difference in vapor pressure 
was due, not to the catalytic effect of the removal of water from the benzene 

l9 Smits, 2. physik. Chem., 100, 477 (1922). 
20 Baker, J. Chem. Soc., 949 (1927). 
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on the dry side, but to the presence of a minute trace of moisture in the 
benzene on the normal side. 

Objections to the above view on the basis of Raoult's law are precluded 
because that relation demands a large mole fraction of water to  produce a 
partial pressure equal to the pressure differences manifested in this set of 
investigations where the phenomenon was observed only in liquids in which 
water is very insoluble, as benzene, carbon tetrachloride and carbon di- 
sulfide. 

In this work the amount of normal benzene used for comparison with the 
dried material was very small, varying from one to three grams in the dif- 
ferent pieces of apparatus. The solubility of water in benzene a t  20' is 
reported in the "International Critical Tables" as 0.05770. A rough calcu- 
lation shows that the production a t  20' of a partial pressure of 7 mm. of 
water vapor in one gram of benzene requires only 2.29 X g. or 1.27 X 

mole of water. This follows from the relation Pp/Ps = X / X s  where 
P, = 7 mm., Ps = 17.363 mm., the vapor pressure of water, necessary to  
saturate one gram of benzene at 20°; and X ,  = 0.00057 g. of water. 

However, according to Raoult's law, one gram of benzene requires 9.28 X 
g.  or 5.16 X mole of water to produce a partial pressure of 7 mm. 

of water. This concentration of water is 405 times greater than that 
calculated from the solubility data above. 

Moreover, upon analysis of Fig. 2, the curves for carbotl disulfide, ben- 
zene and carbon tetrachloride seem very definitely to  represent the vapor 
pressure of solutions of water in those liquids. The three curves show that 
the vapor pressure deviations from the normal are within a close range a t  
OO. From this point they converged and diverge again according to the 
extent of saturation and the change in solubility of water in the liquid with 
increasing temperature. The curve for benzene with its abrupt change in 
slope a t  the melting point of benzene is an excellent illustration of the 
increasing solubility of water in benzene with temperature. 

An explanation of the mode of access of the minute quantities of water 
required to produce the effects may lie in any of several factors. However, 
it cannot have come from the benzene, which was dried with phosphorus 
pentoxide and distilled from it. The moisture may have come from the 
activated silica gel when it was heated before vessel C of Fig. 1 was sealed 
off, or from the glass during the sealing process. 

In either case, the liquid air with which vessel C and its normal contents 
were frozen is a very powerful dehydrating agent and might easily have 
condensed a trace of moisture before i t  reached the pumps. Another 
source, despite the preheating described, is the deeper seated moisture in 
the walls of vessel C. This possibility is compatible with the conditions 
and observations of this investigation, since the vapor pressure difference 
was not always immediately apparent. I t  is supported by the investigation 
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of BakerJ21 who by using sodium amalgam in a glass bottle dried a t  150' 
found that bubbles of hydrogen began to appear after two days and con- 
cluded that "since these did not appear within twelve hours, their formation 
could not be ascribed to surface water," but to the deeper seated moisture. 

The gradual emerging of the deeper seated moisture may possibly ac- 
count for some of the vapor pressure differences observed in intensive dry- 
ing experiments by other investigators. An experiment in which pure, dry 
air-free benzene was distilled from phosphorus pentoxide onto pure silica 
gel-originally saturated with water-which had been pumped down to  

mm. pressure, showed that the benzene can displace some of the water 
adsorbed in the gel, for within six hours a steady pressure of 1 mm. was 
manifest in one case and 1.4 mm. in another case. 

TO PUN P5 

r0 flCLEOO GAGE 
Fig. 3. 

Experiments with Solutions of Water in Benzene.-As a confirmation 
of the calculations and experiments with silica gel and in an effort to test 
the theory that the vapor pressure changes observed were due to  the 
presence of minute traces of moisture in the normal liquid instead of to  
intensive drying effects in the dried material, an apparatus was constructed 
to  measure the change of vapor pressure of benzene with the addition of 
known amounts of water. 

A diagram of the apparatus is shown in Fig. 3. The previous experi- 
ments had indicated the need of an absolute as well as a differential manom- 
eter which resulted in a three branched instrument, as shown, carefully 

21 Baker, J. Chem. Soc., 1663 (1929). 



Nov., 1930 STUDIES IN INTENSIVE DRYING 4199 

filled in mcuo with pure, redistilled, dry, air-free mercury- The air-free 
water and the air-free dry benzene were prepared by intermittent boiling 
and pumping the liquids until the residual air pressure could not be meas. 
ured with the pressure gage. The mercury U-traps (I) through (7) were 
filled with pure mercury which was boiled out in the trap to remove mois- 
ture and air. 

The glass was cleaned with chromic acid and washed with distilled water 
before use and the apparatus was carefully heated all over before being 
used for the experiment. 

The pumping system consisted of a high-vacuum oil pump in series with 
a two-stage mercury diffusion pump. 

The thermostat was constructed elevator style so that the tank could be 
raised and lowered when large temperature changes were necessary. It 
was set a t  20.8g0 and with continuous cooling, intermittent heating and 
rapid stirring was regulated to 0.005°-never more than O.OlO-by a mer- 
coid relay and a metastatic regulator. The thermostat was always kept 
a t  least 2.5" cooler than the room in order to prevent condensation outside 
of the bath. 

The volume of vessel (8) was etched in increments of about 1 cc. and was 
calibrated by weighing water; and calibrated volume (12) was determined 
directly as 65.578 cc. by use of a gas buret. 

Rigidly purified benzene, dried with phosphorus pentoxide was used as 
the liquid to be studied. 

Manipulation and Results.-After the system had been dried out 
and evacuated to mm. of mercury, the benzene in storage vessel (10) 
was frozen with ice and benzene was distilled into vessel (9), containing 
phosphorus pentoxide, and Gessel (8) which were immersed in ice and salt. 
The vessels were then closed off with mercury traps and the remainder of 
the system was evacuated to mm. A preliminary determination of 
the vapor pressures of the benzene in (8) and (9) at 20.8g0 showed both to  
be equal to 7.88 cm., so there was no moisture present a t  the beginning. 
Vessel (8) contained 25.635 cc. of pure benzene a t  20°. 

Water was then added in small quantities, representing about one-tenth 
of the saturation value, to the benzene in (8) by closing trap (1) and opening 
the calibrated volume (12) to the air-free water stored in (11) a t  25O. 
After closing the traps and measuring the pressure and temperature of the 
known volume of water vapor in (12), trap (3) was opened and the water 
vapor was condensed ifl (8) which was frozen with a mixture of carbon 
dioxide and ether. The room temperature during this operation was 
always 25" or above. Trap (3) was closed and the remainder of the 
system was evacuated after each addition of water vapor. 

The total volume between (8) and traps (3) and (6) was determined from 
the relation P1/P2 = V2/V1 a t  24.2' by condensing water vapor of known 
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pressure and volume (12) into empty vessel (8) by the method described in 
the preceding paragraph. The volume of liquid benzene was subtracted 
from this value and the difference was 116.2 cc., the volume of vapor in 
equilibrium with the liquid. By use of the relation P V  = nRT the amount 
of water present in the vapor and that dissolved in the liquid benzene in the 
successive solutions was calculated. Equilibrium was attained very 
slowly. 

Results 
TABLE I1 

EXPERIMENTAL DATA 

Volume of benzene, 25.635 cc.; volume of vapor, 116.2 cc.; average temperature of 
vapor, = 22 '. 

Partial press. of 
Total mole 1x20 Hz0 in mm. Mole HLO in Mole Hz0 in 

added at 20.8Q0 vapor benzene 

1 8.77 X 1.87 1.17 X 7.60 X 
2 1.75 X 3.88 2.43 X 1.51 X lo-' 
3 2.6 X lo-' 5.52 3.45 X lo-s 2.25 X lo-' 
4 & 5  4.27X10-4  9.62 6.1 X 10-6 3.66 X lo-' 
6 & 7 6.03 X 13.22 1 . 0 1 X 1 0 - 4  5 .02X10-4  
8 & 9  7.78 X 16.79 1 05 X lo-*  6.73 X 

Extrapolation 18.33 7.15 =t 0.05 X lo-' 

By extrapolation to 18.33 mm., the vapor pressure of water a t  20.89'' 
r the curve shown in Fig. 4 indi- 

cates that 7.15 X mole 
18 - of water is required to saturate 

16 -- 25.635 cc. of benzene. When 
this, saturation value is inter- 
preted in grams, the figure re- 
duces to 0.00057 g. of water 
per gram of benzene, or 0.05770, 
which checks the value given 
in the "International Critical 
Tables." 

From the experimental data 
presented in Table I1 and in 
Fig. 4, it is evident that the 
solution of water in benzene 
follows Henry's law rigidly but 
not ~ a b u l t ' s  law. However, 

1 2 3 4 5 6 7 the results for benzene a t  the 
Moles X of water added to benzene. Saturation value below may 

Fig. 4. be expressed by the equation 
X P = - PasM at constant temperature 

Zastd. 
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where x is mole fraction of water present and xsstd. is mole fraction of 
water required to saturate the benzene. The average deviation of the 
observed pressures from this relation is 0.19 mm. pressure or 2.28% of the 
calculated value. 

It seems reasonable to expect that this relation would be fundamental for 
solutions of water in carbon tetrachloride and carbon disulfide, or for 
solutions of any two other mutually very insoluble liquids. 

In conclusion, the author wishes to express her sincere appreciation to 
Dr. W. A. Patrick, under whose guidance this problem was completed, and 
to Dr. J. C. W. Frazer, who in conjunction with Dr. Patrick suggested and 
cooperated in the investigation. 

Summary 

1. Benzene free from impurities does not impart color to pure phos- 
phorus pentoxide nor does it form such addition compounds with phos- 
phorus as were described by Giran. 

2. Methods have been found that produce benzene free from the usual 
sulfur compounds of which carbon disulfide has been found to be as un- 
desirable as thiophene, though it is more commonly ignored than the latter. 

3. Benzene that has been dried with phosphorus pentoxide in a fused 
glass apparatus for three years has not shown any change in vapor pressure 
with respect to the normal liquid in the same apparatus. 

4. Within twenty-four hours, benzene, carbon tetrachloride and carbon 
disulfide dried with activated silica gel manifested vapor pressure differ- 
ences or decreases, as compared with the normal liquids, that were finally 
comparable in magnitude and direction with those reported by other 
investigators in the field of intensive drying. 

5. Experimental evidence has been submitted and discussed to support 
the theory that the vapor pressure decreases or differences from the normal 
may be explained by assuming the presence of minute traces of water vapor 
in the normal liquid rather than any catalytic effect due to the removal 
of water from the dried liquid. 

6. Calculations from solubility data show that only 0.000229 g. of water 
is required to produce a partial pressure of 7 mm. of water in one gram of 
benzene a t  20°. This value deviates from Raoult's law, which requires 
405 times more water than is actually effective. 

7. The partial pressures of solutions of water in benzene a t  20.8g0 have 
been measured and plotted. Extrapolation of the curve gives a value of 
the solubility of water in benzene at  20' which checks that given in "Inter- 
national Critical Tables." 

8. The relation of the partial pressures to mole fractions in solutions of 
water in benzene may be expressed by the equation P = (x/xsatd.)Psatd.. 

BALTIMORE, MARYLAND 
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THE SYSTEM Na2S04-NaF-NaC1-HzO. I. THE TERNARY 
SYSTEMS WITH WATER AND TWO SALTS1 

Before investigating equilibrium relations in the quaternary system 
Na2S04-NaF-NaC1-HzO, it was necessary to determine first these relations 
in each of the three ternary systems of two salts and water. The data for 
the ternary systems are given here and the data for the quaternary system 
will be published in Part 11. 

Sodium sulfate and sodium chloride were purified by the usual methods. 
Sodium fluoride forms an acid fluoride in the presence of only a small excess 
of hpdrofluoric acid.2 To obtain pure sodium fluoride, recrystallized 
sodium carbonate was dissolved in a small volume of water and neutralized 
with the smallest possible excess of hydrofluoric acid. After warming to 
remove carbon dioxide, the solution was cooled and the precipitated sodium 
fluoride filtered and washed with alcohol. An analysis by conversion to the 
sulfate and an optical examination with the petrographic microscope 
checked its purity. 

For the determination of solubility isotherms appropriate mixtures of 
salts and water were placed in hard rubber bottles and shaken a t  constant 
temperature in a water thermostat for at least twenty-four hours. A 
check upon the attainment of equilibrium was made by running duplicate 
determinations held a t  constant temperature for longer periods of time. 
Solutions for analysis were removed through filters of glass wool directly 
into weighing tubes. Depending on the solid phases present and whether a 
wet or dry residue was desired, different procedures were followed. The 
solid phases, or "residues," which were in equilibrium with the solutions, 
were either pressed between filter papers until dry, or washed quickly with 
alcohol on a Gooch crucible and then dried between filter papers. Both 
methods have disadvantages, and in general i t  is not possible to obtain the 
composition of the residues as accurately as that of the solutions. In some 
cases wet residues were analyzed and the composition of the solids deter- 
mined by the graphic method of Schreinemaker~.~ 

In the analysis of solutions and solids, sodium chloride was determined by 
titration with silver nitrate solution, using potassium chromate as the 
indicator. The determination of sulfate as BaS04 is entirely unreliable in 

The data presented in this paper constitute a portion of a Dissertation presented 
to the Graduate School of Yale University by J. F. Schairer, in partial fulfilment of 
the requirements for the degree of Doctor of Philosophy, June, 1928. 

2 Jehu and Hudleston, J. Chem. Soc., 125, 1451-1456 (1924). 
Schreinemakers, 2. physik. Chem., 43, 307 (1903). 



Nov., 1930 TERNARY SYSTEMS OF WATER AND TWO SALTS 4203 

the presence of fluorides. Sodium fluoride was determined by converting 
the salts to sodium sulfate with sulfuric acid and igniting in a current of air 
containing ammonia, and sodium sulfate determined by difference. On 
account of the considerable difference between the equivalent weights of 
sodium fluoride and sodium sulfate, this method of indirect analysis is much 
more accurate than is commonly the case with indirect methods. The 
formula used in calculating the weight of sodium fluoride is: x = 1.4468 
(b - a) - 0.3113 c, in which a, b and c represent, respectively, the weight of 
mixed salts, the weight of sodium sulfate after the conversion of chlorides 
and fluorides to sulfate, and the weight of sodium chloride. 

Eutectic points with ice as one of the solid phases were determined in a 
small vacuum-jacketed flask, by shaking a mixture of wet crushed ice with 
an excess of the salt or salts in question. After removal of a sample of the 
solution for analysis, more of each solid phase was added and the tempera- 
ture again observed. The thermometers were calibrated with care and the 
eutectic temperatures are probably in error by not more than 0.1'. Tran- 
sition temperatures were determined by the same general method as 
eutectic temperatures. 

The System Na2SOrNaF-H2O.-In the system NazSOrNaF-Hz0 a 
double salt Na2S04.NaF forms. Wolters4 found this double salt a t  high 
temperatures in his investigation of the fusion relations in the ternary 
system Na&304-NaF-NaCl. Below a transition temperature (17.5') 
the double salt breaks down into sodium fluoride and the decahydrate of 
sodium sulfate. Above the transition temperature of sodium sulfate 
(32.38'), a solubility isotherm cdnsists of three branches meeting in two 
univariant points a t  which two solid phases (sodium fluoride and double 
salt or sodium sulfate and double salt) are in equilibrium. The transition 
temperature of sodium sulfate decahydrate in the presence of the double 
salt (32.36') is almost identical with that of the pure decahydrate, on 
account of the slight solubility of sodium fluoride. Between 32.36O and the 
transition point of the double salt (17.5'), a solubility isotherm consists of 
three branches, with sodium sulfate present as the decahydrate. Below 
17.5', an isotherm consists of two branches meeting at  a point where the 
two single salts coexist as solid phases. The solubility data obtained a t  
four temperatures are given in Table I. Where less than O.lyo of a salt 
was found in solution it is reported as a trace (tr.). 

The solid phases present in the residue were determined in the usual 
manner by plotting the composition of solutions and residues on an equi- 
lateral triangle. The nature of the solid phases was checked by an ex- 
amination with the petrographic microscope. The identity of the solid 
phase or phases in equilibrium with a given solution is noted in Table I. 
Ds indicates the rlouble salt NazS04.NaF. 

4 Wolters, Neues Jahrb. Migeral. Geol. Beil., 30, 55-96 11910). 

J 
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TABLE I 
SOLUBILITY ISOTHERMS-SYSTEM NazSO4-NaF-H20 

Solution, Residue, 
% NazSO4 % NaF % NazSOn % NaF Solid phases 

T = 35" 
32.97 None NasSOl 
32.96 None NaZSO4 
32.87 Tr. 95.43 4.57 NazSOl and Dsb 

32.75 0.13 87.97 12.03 Na2SOl and Ds 
32.79 Tr . 82.35 17.65 NazSO4 and Ds 
18.11 0.62 64.57 18.51" D S ~  
11.60 1.57 77.23 22.77 Ds 
9.58 2.09 75.68 24.32 Ds 
8.51 2.45 65.48 34.52 Ds and NaF 
8.73 2.54 8.43 91.56 Ds and NaF 
4.34 3.18 1.61 74.18" NaF 

None 4.02 NaF 
None 3.97 NaF 

T = 25' 
21.71 None NazS04.10Hz0 
21.71 None NazSOc 10HzO 
21.25 0.42 43.93 1.40" NazS04~10Hz0 and Ds 
21.43 0.33 55.91 13.17" Na2SOg10H20 and Ds 
11.48 1.74 76.75 23.25 Ds 
8.86 2.37 46.88 28.89" Ds and NaF 
8.48 2.34 14.49 43.60" Ds and NaF 
4.48 3.13 2.17 57.79" NaF 

None 3.98 NaF 
None 3.97 NaF 

T = 1.5" 
11.72 None Na2S0c 10HzO 
11.67 None Na~SOc10H20 
9.48 2.51 39.07 3.94" Na2S04.10HzO and NaF 
9.51 2.48 11.88 69.50" NazSOq 10Hz0 and NaF 

None 3.93 NaF 
None 3.92 NaF 

T = 10" 
8.31 None NazSOc lOHzO 
8.38 None Na2S04.10H20 
6.41 2.92 13.25 53.14" Na~SOg10H~0 and NaF 
6.37 3.04 36.59 4.21" NazS04.10Hz0 and NaF 
3.95 3.20 1.96 55.53" NaF 

None 3.92 NaF 
None 3.97 NaF 

" Wet residue analyzed. Ds = NazSOgNaF (double salt). 

The data for eutectic and transition temperatures are given in Table 11. 
The two eutectics with ice and a single salt have been determined b e f ~ r e . ~  

6 Guthrie, Phil. Mag., 6,40 (1878); De Coppet, Z. physik. Chem., 22, 239 (1897); 
Chretien. Caliche. 9, 248 (1927). 
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The transition point where the solid phases are NazS04-10Hz0, NaF and 
Na2S04.NaF is somewhat difficult to obtain. Solubility isotherms indi- 
cated that this transition temperature was between 15 and 25'. A mixture 
of sodium fluoride, decahydrate of sodium sulfate and a small amount of 
the double salt Na2S04.NaP and water was placed in a vacuum flask a t  21' 
and the temperature observed. The temperature slowly dropped, finally 
remaining constant for several hours. The reverse of this determination, 
starting below the transition temperature, did not give a sharp result. 

Solid phases 

Corresponding 
Solution point in the 

Temp., O C .  7; NazSO, % NaP diagram (Fig, 1 )  

Ice + NaF 
Ice + NaF 
Ice + NazS04-10HzO 
Ice + Na2SO4.10HZ0 
Ice + NaF -f- Na~S04.10H20 
Ice + NaF + Na2S04.10Hz0 
Ice + NaF + NazSOs.lOHZ0 
NazSO4.10H20 + NaF + Ds 
Na~S0~.10H~0 + NaF + Ds 
Na2S0~ 10H20 + Na~S04" 
Na>SO4.10H20 + Na~S04 + Ds 
Na2S0~10Hz0 + Na2S04 + Ds 

" "International Critical Tables," 

-3.02 None 
-2.98 None 
-1.11 3.97 
-1.14 4.11 
-3.08 1.65 
-3.08 1.70 
-3.00 1.68 
17.45 12.54 
17.50 12.63 
32.383" 33. 24b 
32.36 33.16 
32.36 33.06 

1926, Vol. I, p. 66. " 

4.02 A 
3.82 A 
None B 
None H 
3.60 C 
3 34 C 
3.33 C 
2.00 D 
1.83 D 
None E 
Tr F 
Tr. F 

Ibid., 1928, Vol. 111, p. 371. 

These data cannot be properly shown as a projection on a triangular 
base. The results are, therefore, represented in a space figure (Fig. I), 

Fig. 1.-System Na2S01-NaF-Hs0. Space model. 
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plotting temperatures vertically from a triangular base. The eutectic and 
transition temperatures (Fig. 1) are lettered to correspond with the data in 
Table 11. Solubility isotherms are represented as dotted lines. The 
results given in the tables for invariant and univariant points have been 
averaged for representation in Fig. 1. 

The Double Salt Na2S04.NaF.-The double salt Na2S04.NaF was 
first described by Marignac6 who obtained i t  by evaporation of the mother 
liquor from a preparation of sodium fluoride with hydrofluoric acid contain- 
ing some sulfuric acid. He describes i t  as occurring in hexagonal plates 
twinned parallel to the base. The crystals were a combination of the base 

and four rhombohedrons. The crys- 
tals gave poor signals on the goniom- 
eter. Marignac assigns the crystals 
with some doubt to the rhombo- 
hedral class of the hexagonal system. 

Wolters7 prepared the double salt 
from water solution a t  35O and 
claims that it is pseudo-hexagonal 
up to 105' (*2O), where i t  becomes 
hexagonal. This transition tem- 
perature is above the range of tem- 
peratures studied by us. 

Crystals of the double salt were 
prepared by isothermal evaporation 
a t  35'. Five crystals were measured 
on a two circle goniometer. The 
crystals appeared bright and sharp 

Fig. 2.-System NaF-NaCl-H20. Space but did not give good signals. ~h~ 
model. crystals are tabular with hexagonal 

outline and decided trigonal symmetry. The base is rough and the other 
faces, although very definite, usually gave many goniometric signals in the 
zone with the base. Twinning on the base is common. The results of our 
measurements on five crystals give 

G = 1.77 
( o o o i ) ~  (1071) = 63.90; (0001) A (0112) = 45.7' 
(0001) A (0332) = 72.0 " 

The double salt NazS04.NaF is uniaxial, optically positive, EN,  = 1.430, 
W N ~  = 1.436 with a cleavage parallel to (0001). 

The System NaF-NaC1-HzO.-The solubility isotherms a t  25 and 
35') taken in connection with the composition of the residues, show that no 
double salt forms and that solid solution, if present, is too slight to  be 

6 Marignac, Annales des M k e s ,  15, 236 (1859). 
Ref. 4. 
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detected. The transition temperature of sodium chloride dihydrate has 
been determined repeatedly by others, though the results in the literature 
do not agree closely. We found it sharp and easily obtained. Sodium 
fluoride lowers this transition temperature but slightly on account of its 
slight solubility in the presence of sodium chloride. 

The results obtained are given in Tables I11 and IV and are represented 
in Fig. 2. 

T . ~ B L ~  111 

SOLUB~I,ITY ISOTHERMS--SYSTEM NN~~CI-N~II'-H~O 
Solution Residue 

% NaC1 % NaF NdCl % NaJ? Solid phases 

T = 35O 

26.G3 None NaCl 
26.61 None NaCl 
25.18 0.34 74 77 25.23 NaCl and NaF 
26.13 0.29 23.85 76.15 NaCl and NaF 
18.43 0.54 4.58 75.98" NaF 
5.41 2.38 1 58 72 94' NaF 

None 4.02 NaF 
None 3.97 NaP 

T = 25" 

26.43 None NaCl 
26.38 None Na Cl 
26.12 0 31 56.50 25.91" NaCl and NaF 
26.24 .12 19.58 42.06" NaCl and NaF 
None 3 98 NaF 
None 3.97 NaF 

" Wet residue analyzed. 

TABLE IV 

EUTECTIC AND TRANSITION TEMPERATURES-SYSTEM NaC1-NaF-Hz0 
Corresponding 

Solution point in diagram 
Solid phases Temp., O C .  % NaCl % NaF (Fig. 2) 

Ice + NaF - 3.02 None 4.02 A 
Ice + NaF - 2.98 None 3.82 A 
Ice + NaC1.2HzO -20.94 23.18 None B 
Ice + NaC1.2H~0 + NaF -21.19 23.69" 0.24 C 
NaC1.2HzO + NaCl + 0.08 26.39 None D 
NaC1.2HzO + NaCl .10 26.53 None D 
NaC1.2HzO + NaCl + NaF - .06 26.25 0.19 E 

a This result is probably somewhat too high. 

The System Na2SOrNaC1-Hz0.-This system has been investigated 
previously by Meyerhoffer and Saunder~,~ Seidell

Q 

and Blasdale.lo We 
have determined the points necessary for use in the four-component sys- 

8 Meyerhoffer and Saunders, 2. physik. Chem., 28, 453 (1899). 
Seidell, Am. Chem. J., 27, 55 (1902). 

lo Blasdale, Ind. Eng. Chem., 10, 344 (1918). 



4208 H. W. FOOTE AND J. F. SCHAIRER V0l. 52 

tern. So far as they are comparable, our results check closely with those 
of Blasdale. 

Fig. 3.-System NazS04-NaCI-HzO. Space model. 

The results obtained are given in Tables V and VI and are plotted in 
Fig. 3 in the same manner as the preceding ternary systems. 

TABLE V 
SOLUBILITY ISOTHERMS-SY STEM NazSOpNaCl-HzO 

Solution Residue 
% NazS01 % NaCI % NanSOa % NaCl Solid phases 

T = 35" 

82.97 None Na2S04 
32.96 None NalSOa 
24.43 5.86 100.00 None NazS04 
9.78 18.61 98.67 1.33" NazSO* 
6.00 23.43 75.50 24.50 NazSOd and NaCl 
6.17 23.39 20.78 79.22 NazS04 and NaCl 
6.11 23.41 1.77 98.23 NazSOn and NaCl 
3.00 25.01 None 100.00 NaCl 

None 26.63 NaCl 
None 26.61 NaCl 

T = 25' 
21.71 None Na3S04- 10H20 
21.71 None NazS04-10HzO 
14.98 14.15 78.25 1.94' NazS04.10EIz0 and NazSO4 
15.01 14.06 65.58 1.65" NazS04.10Hz0 and NazS01 
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TABLE V (Concluded) 
Solution Residue 

% NarSOr % NaCl % NarSO4 % NaCl Solid phases 

14.91 14.10 64.70 1. 6sb NazSOr-10H20 and NazS04 
14.84 14.17 46.39 2 . 2 ~ ~  NaB04.10HzO and NazS04 
6.91 22.78 72.84 16.21b Na~S04 and NaCl 
6.92 22.76 12.61 72. 54b NanSOr arid NaCl 

None 26.63 NaCl 
None 26.61 NaCl 

" This residue was contaminated with sodium chloride from the solution. a Wet 
residue. 

Solid phases 

Ice + NaCI.2H20 
Ice + NazS04.10H~O 
Ice + Na~SO4.10H20 
Ice + NazS04-10Hz0 + NaC1.2HzO 
Na2SO4 + Na~S04.10H20" 
NazS01 + NazS04.10H20 + NaCl 
NaCl.2H20 + NaCl 
NaC1.2HzO + NaCl 
NaC1.2HzO + NaCl + NazS04.10H~0 

" "International Critical Tables," 
p. 371. 

Corresponding 
Solution point in diagram 

Temp., 'C. % Naps04 O / o  NaCl (Fig. 3) 

-20.94 None 23.18 
- 1 . 1 1  3.97 None 
- 1 . 1 4  4.11 None 
-21.32 0.31 23.43 

32.383" 3 3 . ~ 4 ~  None 
17.90 7.77 22.31 

+ 0 08 None 26.39 
f 10 None 26.53 

. O  1.32 25.79 

1926, Vol. I, p. 66. Ibid., 1928, 

A 
B 
B 
C 
D 
E 
F 
F 
G 

Vol. 111, 

Summary 

Solubility determinations were made on the ternary system NaZSOr 
NaF-H20 at  35, 25, 15 and lo0, and on the ternary systems NaF-NaC1- 
Hz0 and Na2SOrNaCl-HzO at 35 and 25'. The necessary eutectics and 
transition temperatures were determined to define each ternary system 
between its ternary eutectic and 35'. These data are presented by tables 
and graphically by space models. 

The nature and identity of the various solid phases was checked with the 
petrographic microscope. The crystallographic and optical properties of 
the double salt Na2S04.NaF were measured. 

WASHINGTON, D. C. 
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THE SYSTEM NazS04-NaF-NaC1-Hz0. 11. THE QUATERNARY 
SYSTEM AT 25 AND 35'1 

BY H. W. FOOTE AND J. F. SCHAIRER 

The quaternary system NazSO4-NaF-NaC1-Hz0 is derived from three 
ternary systems, each composed of two of the above salts and water. The 
data on these three systems were presented in the first part of this paper.2 
At a given temperature, proceeding from each univariant point in these 
systems, where two solid phases coexist, there is a solubility curve ending 
a t  a point where a third solid phase appears. We have determined the 
solubility relations and the solid phases for the quaternary system a t  the 
temperatures 25 and 35'. 

The chief experimental difficulty in the investigation was to obtain the 
gross composition of the residues, because it is impossible to free them 
entirely from solution. At 3 5 O ,  since all the solids are anhydrous, it was 
possible to filter the solids rapidly on a warmed Gooch crucible, after 
removing a sample of the solution for analysis. The solids were washed 
quickly with alcohol and dried between filter papers. At 25', except where 
noted, we analyzed wet residues. Since the composition of the solution is 
known, the gross composition of the solid residues may be calc~lated.~ 
By making a sufficient number of such determinations, it is possible to 
decide whether one is at  a univariant point (with three solid phases and 
constant solubility) or on a divariant curve (with two solid phases and 
varying solubility). We made use of the optical properties of the crystals 
to determine qualitatively the number and kind of solid phases as a check 
on the analytical data. 

The results are given in Table I. The composition of the residue free from 
mother liquor is given in all cases, whether determined directly by analysis 
or calculated after analysis of solution and wet residue. Sodium fluoride 
is only slightly soluble in the more concentrated solutions of sodium sulfate 
and chloride. Whenever less than 0.1% was found, it is reported as a trace. 

To  show the results in a diagram, we have plotted the solubilities of the 
three salts along three axes which make an angle of 120' with each other. 
In  ternary systems it is convenient to represent isotherms in an equilateral 
triangle in which composition of both solutions and residues may be plotted. 

1 The data presented in this paper constitute a portion of a Dissertation presented 
to the Graduate School of Yale University by J. F. Schairer, in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy, June, 1928. 

2 Poote and Schairer, THIS JOURNAL, 52, 4202 (1930). 
a This method can be used only when the solid phases do not contain all four 

components. 
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TABLE I 

Solution Residue 
% % %  % % 

No. N&O4 Nap NaCl Na&O4 NaF NaCl Solid phases 

T = 35" 

1 6.14 Tr. 23.37 65.39 0.96 33.65 NazS04+NaCl+Dsa 
2 5.95 Tr. 23.54 71.03 6 6 8  22.29 NazSOd+hTaCl+Ds 
3 0.49 0.12 26.08 45.88 15.21 38.91 NaF + NaCl + Ds 
4 .41 .30 26.03 10.68 16.88 72.44 N a F + N a C l + D s  
5 .17 .31 26.18 14.77 74.31 10.92 NaF + NaCl + Ds 
6 .24 .43 22.36 4511  53.89 1.00 N a F f D s  
7 .80 .49 21.05 70.33 27.37 2.30 NaF + Ds 
8 1.43 .80 16.14 56.52 43.21 0.27 N a F + D s  
9 2.67 1.27 10.71 61.77 38.23 None N a F f D s  

10 4.84 1.80 5.42 68.42 31.58 None N a F + D s  
11 6.89 Tr. 22.31 86.27 10.02 3.71 Na~S04 + Ds 
12 8.73 0.35 19.47 87.46 7.66 4.88 NazSO1 + Ds 
13 14.13 0.62 13.60 85.15 13.37 1.48 Na2S04 4- Ds 
14 21.39 Tr. 8.09 85.70 13.46 0.84 NazSO* + Ds 
15 3.66 0.46 24.32 57.55 13.71 28.69 NaCl+Ds 
16 3 2 2  .14 24.81 53.48 13.50 33.02 NaCl+Ds 
17 20.83 .23 4.93 79.39 20.59 None Ds 
18 17.66 .13 8.55 79.48 20.52 None Ds 
19 7.46 .75 7.26 77.78 22.22 None Ds 
20 5.08 .24 14.59 77.68 22.32 None Ds 
21 4.35 0.19 18.57 77.02 22.67 0.31 Ds 
22 8.17 Tr. 18.38 76.70 20.76 2.53 Ds 
23 2 97 0.20 23.36 75.37 21.02 3.61 Ds 
24 4.39 0 61 21.64 75.51 18.48 6.01 Ds 
25 1.51 Tr. 23.34 74.68 19.03 6.29 Ds 

T = 25" 

1 0.21 0.43 25.96 11.98 11.30 76.72 NaF+NaC1+Ds a 

2 0.50 0.23 25.93 56.51 21.48 22.01 NaF + NaCl + Ds 
3 0.43 0.27 25.90 11.27 74.00 14.73 N a F f N a C l f D s  
4 7.04 Tr. 22.71 66.56 12 25 21.19 Na2S04 + NaCl + Ds 
5 6.82 0.10 22.77 19.43 2.98 77.59 NazSO4 + NaCl + Ds 
6 6.98 Tr. 22.73 86.75 2.87 10.38 NazSOI + NaCl + Ds 
7 14.75 Tr. 13.79 66. 25b 3.98 None NazS04 + NazS04.10H~O + Ds 
8 14.76 Tr. 13.78 76.92b 20.41 None NaS04 + NazS04.10H20 + Ds 
9 5.23 Tr. 23.61 43.84 10.95 45.21 NaCl+Ds 

10 9.72 Tr. 19.29 90.41 7.57 2 02 NazS04 + Ds 
11 4.35 0.60 21.48 77.64 21.67 0.69 Ds 
12 4.47 Tr. 18.41 77.31 22.69 None Ds 
13 4.60 0.77 14.35 76.85 23.15 None Ds 
14 7.71 0.69 6.98 77.17 22.83 None Ds 

" Ds = double salt N ~ ~ s o ~ . N ~ F .  (This is capable of taking up a limited amount 
of NaCl in solid solution which replaces an equivalent quantity of NaF. The pure 
double salt contains 77.18% NazS04.) 

This residue was air dried for analysis. The others were analyzed wet and the 
composition of the dried residues, as given in the table, was calculated. 
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However, in a quaternary system, it is not feasible to represent the com- 
position of both solutions and residues by a single diagram. We have 
therefore represented the composition of residues by means of a separate 
triangular diagram used in conjunction with the solubility diagram to show 
the relations of residues to their solutions. This is entirely satisfactory 
when the residues are anhydrous, which is the case a t  35'. At 25O this 
method of representing residues cannot be used, as both anhydrous Na2S04 
and NazS04.10Hz0 are present. 

Fig. 1.-System Na2S04-NaF-NaCI-HpO. Solubility 
isotherm at 35'. 

The solubility data are plotted in Figs. 1 (35O isotherm) and 2 (25' 
isotherm). At univariant points, the average result of the several deter- 
minations is represented. Some univariant points taken from the ternary 
systems have been displaced outward slightly to make the diagram clear, 
since they almost coincide with the corresponding quaternary points. 

Ny F 
I 
I 

Pig. 2.-System NazS04-Nap-NaC1-Hz0. Solubility 
isotherm at 25'. 

At 35O (Fig. 1) the double salt (in which some NaCl replaces NaF) is stable 
throughout the area ABDC. The solubility results obtained in this area 
(Nos. 17-25 in Table I) are plotted as circles. At the univariant points B 
and D, three solid phases coexist in equilibrium with solution. Univariant 
points and points on the three curves are plotted as black dots. At 25' 
(Fig. 2), the relations are similar but an additional univariant point E 
exists, where the solid phases are double salt, NaZS04 and NazS04.10H~0. 
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At this point the double salt contains no appreciable amount of NaCl. 
Only a few determinations were made a t  25', since the general relations 
were already clear. 

The residues a t  35', so far as they contain all three salts, are plotted in 
Fig. 3. In considering this diagram, it must be remembered that  the 
double salt can take up a limited amount of chloride in solid solution, which 
replaces an equivalent amount of fluoride. This replacement only be- 
comes appreciable in the presence of considerable amounts of sodium 
chloride in solution. (Nos. 22-25 of Table I.) The composition of the 
double salt is therefore variable and represented by the line ABC. The 

Fig. 3.-Composition of solid phases in equilibrium with 
solutions at  35'. 

maximum amount of solid solution, represented by C, is not accurately 
known, but is undoubtedly a function of temperature. The solution 
yielding the maximum is very probably a t  the univariant point where the 
solid phases are Na2S04, NaCl and double salt. In the table of data a t  35' 
(Table I), Nos. 17-21 contain little or no chloride in the double salt and 
their composition falls very close to the point A of Fig. 3. The other resi- 
dues consisting of double salt showing appreciable solid solution (Nos. 
22-25, Table I) are plotted. Two of them are somewhat off the line AC, 
showing that these were slightly contaminated with sodium chloride from 
the solution, though their solubility shows quite definitely that but a single 
phase was present. The areas ACD, ABE and BCF (Fig. 3) correspond 
to mixtures of Na2S04 with double salt, NaF with double salt and NaCl 
with double salt, respectively. The numbered points refer t o  the numbers 
in Table I a t  35'. 
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The residues in equilibrium with solutions a t  25' show the same general 
relations. Complete representation of the residues on an equilateral tri- 
angle is not possible because anhydrous Na2S04 and Na&04.10H20 are 
present in some mixtures. 

NaF 

Fig. 4.-Hypothetical quaternary isotherm assuming 
that no triple salt appears. 

Fig. 5.-Composition of solid phases in equilibrium with 
solutions of Fig. 4. 
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There was a strong probability a t  the outset of the work that  the mineral 
sulfohalite (2NazS04-NaC1-NaF) might appear as one of the solid phases 
a t  the temperatures investigated. If this had appeared, it should be one 
of the solid phases in a portion of the area ABDC (Fig. I). Then a t  the 
point B and possibly a t  D it would be one of the three solid phases. There 
would also be two other univariant points each with three solid phases and 
the corresponding divariant curves. It can be shown by considering the 
relation between solutions and residues that the solid phase 2Na2S04.NaC1.- 
NaF did not appear a t  the temperatures investigated and that  the solid 
phase in the area ABDC (Figs. 1 and 2) of the two investigated isotherms is 
not pure double salt Na2S04.NaF but a solid solution in which a limited 
part of the fluoride is replaced by chloride. 

Let us assume that no triple salt appears in the quaternary system and 
that only the double salt Na2SOd.NaF (with no solid solution) and the three 
single salts appear. Then the hypothetical solubility relations a t  some 
constant temperature are represented diagrammatically in Fig. 4. The 
assumed values for solubilities used to prepare Fig. 4 were so chosen as t o  
prevent crowding of lines and points for clarity in presentation. Then the 
residues in equilibrium with such solutions may be shown on an equilateral 
triangle, Fig. 5 .  J represents the composition Na2S04-NaF. If the as- 
sumed solubility relations werc correct, all residues whose composition lay 
in the area IJL (Fig. 5 )  should have the same solubility (represented by E 
of Fig. 4) and similarly all those in the area JKL (Fig. 5) should have the 
solubility represented by F (Fig. 4). 

By examining the actual data given in Table I and presented graphically 
in Figs. 1, 2 and 3, we find that the experimental data do not fit the as- 
sumption we have made. 

If we assume that a triple salt 2NaeS04-NaC1.NaF appears and that  the 
other solid phases in the quaternary system are pure double salt Naz- 
S04.NaF and the single salts, these hypothetical relations can be shown 
diagrammatically in Fig. 6 (assumed values chosen to prevent crowding in 
the figure). The composition of all residues may be shown in Fig. 7. J 
represents the composition Na2S04.NaF and M the composition 2Naz- 
S04.NaCI.NaF. If the assumed solubility relations were correct, all resi- 
dues whose composition lay in the areas IJM, JMK, MKL and IML 
(Fig. 7), respectively, would have the solubilities H, G, F and E (Fig. 6), 
respectively. 

Again, examining the actual data given in Table I and presented graphi- 
cally in Figs. 1,2 and 3, we find that the experimental data are not in accord 
with the assumption made. 

The experimental data show that a t  the temperatures investigated no 
triple salt forms and that in the quaternary system the double salt Na2- 
SOcNaF has a limited part of its fluoride replaced by chloride. This fact 
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was confirmed by microscopic examination. The replacement of fluoride 
by chloride raises the indices of refraction of the double salt. 

NaF 

Fig. 6.-Hypothetical quaternary isotherm assuming 
existence of a triple salt 2Na2S04.NaF.NaC1. 

NaF 
Y 

Fig. 7.-Composition of solid phases in equilibrium with 
solutions of Fig. 6. 

In two cases after equilibrium had been reached a t  the points B and D 
(Figs. 1 and 2), we introduced a small amount of the natural mineral 
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(sulfohalite 2Na&3O~.NaF-NaCl from Searles Lake, California) into the 
equilibrium bottles, which were again shaken at constant temperature. 
This was done to overcome any possible metastable condition and was 
without effect on the solubility or nature of solid phases present. 

Sulfoha1ite.-We obtained several small crystals of the natural 
mineral, sulfohalite, from the U. S. National Museum (Museum No. 
93,659). These crystals from Searles Lake, California, all proved quite 
unsuitable for chemical study owing to the very numerous and well dis- 
tributed tiny laths and grains of an impurity. The sulfohalite crystals 
were sharp octahedrons, optically isotropic, n ~ ,  = 1.454. Sulfohalite is 
undoubtedly a distinct mineral. I t  is well crystallized and optically dis- 
tinct from all other mineral species. Both Penfield4 and Gale and Hicks5 

give its composition as 2NazS04.NaF.NaCl. It might be supposed that 
the mineral represented an extreme case of solid solution in which the re- 
placement of fluoride by chloride was by chance 1:l. The mineral, how- 
ever, is isometric while the solid solution is hexagonal rhombohedral. 
It seems very unlikely that sulfohalite might appear a t  a transition 
temperature above 35O, since Teeple6 has shown that the brine which 
permeates the entire salt deposit at  Searles Lake is uniformly a t  23' 
throughout the year. Our isotherms show no indication of the mineral 
between 25 and 35". If it exists in stable equilibrium, it is likely that this 
can only be the case below 25O, which can be determined by further iso- 
therms at lower temperatures. 

Summary 

Solubility isotherms for the quaternary system NazS04-NaF-NaC1- 
H20 have been determined at 25 and 35'. At these temperatures, the 
double salt Na2S04.NaF forms a solid solution in which fluoride is replaced 
by chloride to a limited extent. 

No indication of the mineral sulfohalite 2Na2S04-NaF.NaCl has been 
obtained at these temperatures. 

A graphic method has been developed to show the relation of the com- 
position of anhydrous solid phases to the solutions in equilibrium with 
such phases in quaternary systems composed of water with three salts 
containing a common ion. 

New optical and crystallographic data are recorded for the compound 
Na2S04-NaF. 

WASHINGTON, D. C. 

* Penfield, Am. J. Sci., 9,  425 (1900). 
Gale and Hicks, ibid., 38, 273 (1914). 
Teeple, Ind. Eng. Chem., 13, 249 (1921). 
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THE HEATS OF DILUTION OF POTASSIUM CHLORIDE IN 
SUCROSE AND UREA SOLUTIONS AS SOLVENTS 

BELOW 0.1 M AT 2S01 

Introduction 
With the use of a sensitive differential calorimeter,Vhe integral heats oi 

dilution of a number of strong electrolytes in water in the concentration 
range 10-L10-6 M have been measured in this Laboratory.3 The thermo- 
dynamic usefulness of such quantities is illustrated, for example, in Lati- 
mer's treatment of the problem of aqueous ionic entropies.* For an exact 
comparison of the measurements with theoretical heats of dilutions calcu- 
lated in accordance with the Gronwall, La Mer and Sandved6 development 
of the fundamental theory of activity coefficients of Debye and Hiickel,' 
an exact knowledge of dD/dT for the solvent is necessary. Unfortunately, 
the measurements a t  hand, even for water, show such discrepancies among 
the different series of results that such a comparison is a t  present somewhat 
uncertah8 The experimental results obtained with a number of 1-1 type 
salts may be summarized as follows: (a) the integral heat of dilution (Vc) 
is positive and is proportional to the square root of the concentration 
(expressed in moles of salt per liter of solution) from the most extreme dilu- 
tion up to a concentration of about 0.01 M on the average; (b) the different 
salts have individual slopes in this concentration range (V, = A dZ), 
the individuality persisting down to the lowest measured concentration; 
(c) the values of the initial slopes A range from 280 to 430, which values 
correspond to 'a' values (apparent ionic diameters) of a reasonable order of 
magnitude, although, as mentioned, the uncertainty in the dD/dT value 
does not permit a more definite evaluation of these parameters. 

It was thought of interest to extend these measurements to non-aqueous 

1 Twenty-eighth Communication on Thermochemical Researches. A list of the 
previous papers in this series of thermochemical investigations by E. Lange and co- 
workers is given in 2. physik. Chem., 148A, 97 (1930). 

A detailed description of the calorimeter is given in Lange and Monheim, 
ibid., 149A, 51 (1930). A description of the calorimeter and a summary of the 
work on the heats of dilution of strong electrolytes will appear shortly in Chemicaj 
Reviews. 

Lange, Robinson, Monheim and Streeck, Z. Elektrochem., 36, 772 (1930). 
Latimer and Buffington, THIS JOURNAL, 48, 2297 (1926). 
Lange and Meixner, Physik. Z., 30, 670 (1929). 

6 Gronwall, La Mer and Sandved, ibid.,  29, 358 (1928). 
Debye and Hiickel, ibid., 24, 185 (1923). 

8 Lange and Robinson, THIS JOURNAL, 52, 2811 (1930). 
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solvents where from all theoretical considerations the dielectric constant 
and dD/dl' for the solvent in question should be the influencing factors in 
determining the values of the integral heats of dilution. The experi- 
mental difficulties are not much greater than in the case of aqueous solu- 
tions and it is intended to carry out such measurements in the near future. 
There is also the possibility of using as solvents aqueous solutions of non- 
conducting substances which alter the dielectric constant and dD/dT of 
water. In comparing the results obtained with aqueous solutions with the 
demands of the theory, the D and dD/dT values for pure water have been 
used; a justification for this usage has been shown by Debye and Paul- 
ing." By the use of solvents such as those used in these measurements, it 
was hoped to bring further evidence to test whether the dielectric properties 
of the medium are the constants to be used for dilute salt solutions. In  
this paper are reported measurements of the integral heats of dilution of 
potassium chloride in a 15 weight per cent. aqueous solution of sucrose and a 
5 weight per cent. aqueous solution of urea; for these two solvents there are 
dielectric constant and dD/dT measurements by Kockel.lo 

Experimental Results 

Materials.-The potassium chloride was a de Haen guaranteed pure preparation 
which after drying was used without further purification. Previous experience with this 
salt had shown that traces of impurities did not influence the measured heats of dilution 
beyond the calorimetric error of *2%. A fresh solution was prepared for each new 
concentration measurement. 

Ordinary lump sugar was found to give results indistinguishable from a Kahlbaum 
preparation for thermochemical determinations and was, therefore, used for most of the 
sugar solution measurements. 

The urea used was partly a pure preparation from Kahlbaum, and for a portion of 
the measurements a doubly purified preparation from de Haen. The two gave entirely 
concordant results. 

Measurements.-For details of procedure in carrying out the measurements we 
refer the reader to previous publications.ll The metal pipets containing the solution to 
be diluted had, respectively, volumes of 24.6 * 0.1 cc. in the left half (1) of the calorim- 
eter and 24.9 =t 0.1 cc. in the right half (r). The calorimeter halves were filled with 
800 cc. (1) and 810 cc. (r) of solvent. After the solutions in both halves had been di- 
luted, the pipets were pumped out and refilled with the same solution, so that so-called 
"second dilutions" could be carried out. As the concentrations in Tables I and 11 show, 
the end concentration after a "second dilution" was, with sufficient exactness, the same 
as the end concentration after a "first dilution" with a solution of double initial concen- 
tration, so that all measurements could be plotted on a common curve, practically with- 
out interpolation. Column 4 in the same tables shows the heat given to the opposite 
half-since all dilutions produced an evolution of heat-as compensation by electrical 
heating during the dilution, so that the temperature difference between the two calorime- 
ter halves could be kept as small as possible. Column 6 gives the uncertainties in the 

Debye and Pauling, THIS JOURNAL, 47,2129 (1925). 
lo Kockel, Ann. Physik, 77, 430 (1926). 
11 In particular Lange and Monheim, 2. physik. Chem., 149A, 51 (1930). 
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individual measurements due to the uncertainty in the extrapolation of the galvanom- 
eter readings before and after the dilution and does not take into account any systematic 

TABLE I 

HEATS OR  DILUTION^ OF POTASSIUM CHLORIDE IN 15% AQUEOUS SUCROSE SOLUTION 
AT 25' 

Concentration Calorim- cal. cal. cal. Heat of dilution 
mole/liter eter compen- meas- uncer- cal./mole salt 

Clnitial 4 n d  Half satian ured tainty Vein tend Mean 

0 . 1  0.00308 (r) 0.1814 0.1838 0.0004 73.8 \ 74.3*0.5 
.1 .00308 (1) .I818 .I839 .0004 74.7 1 
.1 .00605 (r) .3266 .3191 .0007 65.1 \ 64, 9.1 o.2 
.1  .00605 (1) ,2909 .3133 .0008 64.7 1 
.05 .00154 (r) .0723 .0762 .0002 61.2 ) 
.05 ,00154 (1) .0727 .0769 .0002 62.5 } 62 .O * 0.6 
.05 .00154 (r) .0725 .0776 .0004 62.3 ) 
.05 .00302 (r) .I205 .I332 .0006 
5 0 0 0 2  (1) 1 2 1  1 3 5  0 0 0  55.6*0.8 
.05 .00302 (r) .I208 .I388 .0010 56.2 

.025 .000770 (r) .0241 .0283 .0003 

.025 .000770 (1) .0242 .0289 .0002 47.0 

.025 .000770 (r) .0241 .0290 .0003 

.025 .000770 (1) .0242 .0296 .0003 48.2 

.025 .000770 (r) .0241 .0297 .0005 47.7 ) 

.025 .001515 (r) .0481 .0519 .0005 

.025 .001515 (1) .04@ ,0531 .0006 :::: 1 

.025 .001515 (r) .0482 .0508 .0008 41.5 42.7 * 0.6 

.025 .001515 (1) .0484 .0521 ,0005 43.1 

.025 .001515 (r) .0482 .0525 .0010 42.8 

.0125 .000385 (r) . . . .0102 .0005 

.0125 .000385 (1) . . . 0 0 9  0 0 0  : , . , * , . , 

.0125 .000385 (r) . . . ,0109 .0006 35.1 
,0125 .000385 (1) . . . .0106 .0004 34.5 

,0125 .000754 (r) . . . .0191 .0010 
.0125 .000754 (1) . . . 0194 0 0 0  :::: 

3l .7* o.4 
.0125 .000754 (r) . . . .0189 .0010 30.9 
.0125 .000754 (1) . . . .0197 .0008 32.5 

- a In the notation of Lewis and Randall, "Thermodynamics," pp. 88, Vci,. c,d = - - - - - -  
Lz,.. - Lzend = Hein. - HZ.,~ and V,, = Hz - H: = Lz. 

TABLE I1 

HEATS OF DILUTION OF POTASSIUM CHLORIDE IN 5% AQUEOUS UREA SOLUTION AT 25 
Concentration Calorirn- cal. cal. cal. Heat of dilution 

mole/liter eter compen- meas- uncer- cal./mole salt 
Ciniti.1 cend Half sation ured tainty Vq.. tend Mean 

0.1 0.00308 (r) 0.1446 0.1432 0.0005 
.1 0 0 3 8  (1) 1 1403 0003 g:: 57.7.10.4 
.1 .00308 (r) .I445 ,1438 .0003 57.7 
.1  ,00605 (r) .2530 .2435 -0009 
.1 0 6 0 5  (1) 2 5 2  1 0006 : 50.0*0.3 
.I  ,00605 (r) .2528 .2441 .0007 49.8 
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TABLE II (Concluded) 
Concentra'ion Calo-im cal. cal. cal. Heat of dilu'ion 

tnole/li er eier com~en-  meas- unccr- cal./mole salt 
1 tnat~sl Lend Half sation "red tain y Vci,. re,,d M?an 

0 05 0 00154 (r) 0.0483 0 0000 0.0004 48 2 ) 
.05 ,00154 (1) .0673 .Of319 .0004 
.05 .00154 (r) .OGG9 .0603 . OQ05 48.4 

.05 .00302 (r) .0966 .I044 .0009 42 6 1 
.05 .00302 (1) .lo76 .lo72 .0008 44 3 1 4:1 4 *0 ri 
.05 .00302 (r) .I072 .I062 ,0010 43.4 J 

.025 .000770 (r) .0268 .0243 .0003 
'025 .OOO770 (I) ,0269 ,0228 .0005 :P .: 1 3i i0 
.025 .000770 (r) .0268 .0237 .0003 38 1 
,025 000770 (1) .0269 .0228 .DO03 37.0 1 
.025 .001515 (r) 0402 0424 ,0006 35.0 \ 
.025 .001515 (1) .0403 .0416 .0010 

33.7 34,3+0.4 
.025 001515 (r) .0402 0411 .0007 34.0 / 
.02R .001515 (1) .0403 .0422 .0006 34.4 ) 

Initial concentration Vein cal./mole of salt Initial concentration Vc in cal./mole of salt 
in molelliter KC1 in KC1 in in mole, liter KC1 in KCI in 
4 c 15% sucrose 5% urea dc c 15% sucrose 5% urea 

errors which may have been present. The latter may take the form of absorption heats, 
but from various considerations12 we believe that such disturbing factors were not pres- 
ent. Moreover, the inner walls of the Dewar vessel were covered with a thin layer of 
pure vaseline. Controls in the form of blank runs repeatedly gave a zero galvanometer 
deflection when both pipets (filled with solvent or with the same solution tha t  was con- 
tained in the calorimeter) were opened simultaneously. The sensitivity of the  galvan- 
ometer was 0.0007 cal. per mm. of deflection or about 8 X per mm.; a greater 
sensitivity was not required for these measurements. The average reproducibility of 
the individual measurements was *0.0004 cal., corresponding to about 4.5 X 

From the experimental data curves were plotted which showed, below 0.008 M, 
a proportionality with within the limit of experimental error, and which were there- 
fore extrapolated linearly to  c = 0. The A values obtained by extrapolation are  386 * 
3y0 for the 15% sugar solution as solvent and 332 * 3% for the 5% urea solution as 
solvent, as  compared with 376 * 3% for potassium chloride in pure water.la From the 
smooth curves the values for the integral heats of dilution given in Table I11 were ob- 

l2 Lange and Messner, Z. Elektrochem., 33, 439 (1927). 
l8 Lange and Leighton, ibid., 34, 566 (1928). 
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tained. These values we believe to be exact to  within *2y0 plus an additive uncer- 
tainty of 0.5 cal. introduced by the extrapolation. 

4: in dmole/liter. 
Fig. 1.-0, 15% sucrose; 0, 5% urea; - - - --, water. 

Discussion of Results 

At first glance it is seen that the two measured dilution curves are en- 
tirely similar in their general nature to the previously obtained curves for 
potassium chloride and other 1-1 type salts in water; there is the same 
initial linearity with 4 2  and the initial slopes correspond well with the 
values mentioned above. However, the differences between the curves 
for the sugar and urea solutions as solvents and that for pure water, partly 
a t  low concentrations and partly a t  higher concentrations, are real and 
entirely outside of the experimental error. In the case of the sugar 
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solution there is considerable evidence14 to indicate that the sucrose 
molecules are hydrated, probably with approximately six water molecules, 
and the higher heats of dilution of the potassium chloride in this solvent 
might be explained as being caused by an increase in the potassium chloride 
concentration due to the removal of (6 X moles of sucrose) moles of water. 
A simple calculation shows that this explanation is inadequate, accounting 
a t  the most at a potassium chloride concentration of 0.1 M for but 10% 
of the observed difference. From the classical point of view another 
possible explanation is that the dielectric constant of this solution is, ac- 
cording to Kockel's measurements, about 5% lower than that of pure water 
and that if in these dilute solutio~ls undissociated potassium chloride mole- 
cules are present, a larger number of such molecules might be expected in 
tQe solvent of lower dielectric power, accounting for the more positive 
values of Vc. But this explanation demands a positive dissociation heat 
for potassium chloride, which does not agree with the case for potassium 
chloride in pure water, where the effect of the hypothetical association a t  
higher concentrations is to produce more negative heats of dilution. 

There is also the possibility to consider of compound formation between 
the ions and the sugar or urea molecules, similar to the more or less stable 
binding of water molecules by the ions. In terms of the interionic theory 
this could be interpreted as a change-very likely an increase-in the 'a' 
value for potassium chloride. A further discussion of this possibility 
does not seem possible in view of the lack of experimental facts. 

Assuming that such effects are not present, an explanation for the  
experimental curves, not explainable by hydration of the sucrose molecules 
or an increased association of the potassium chloride, may be sought in 
a consideration of the dielectric properties of the solvents. 

The relation of the initial slope A to the dielectric properties of the 
medium (limiting Debye-Hiickel case) is shown by the equation 

V,  = -1.66116 X lo7 X l /D  X l / f i ~ ( l  + T/D d D / d ~ ) d c  = ~ d c  cal./mole of salt 

Plotting Kockel's data, we have obtained the following values a t  25O: for a 
15% sugar solution D = 74.25 and dD/dT -0.38, for a 5y0 urea solution 
D = 82.8 and dD/dT = -0.20. The calculation of A gives 4-532 for the 
sugar solution and -228 for the urea solution as compared with +661 for 
pure water (again using Kockel's measlirements for the sake of comparison). 
The great sensitivity of the factor (1 + T/D X dD/dT) to small changes 
or uncertainties in dD/dT makes impossible any certain decision in the 
case of the sugar solution, and water curves but, if Kockel's values for 
the urea solution are even only approximately correct, we should get a 
curve with a negative instead of a positive slope. The evident contra- 
diction in this case could be avoided by using the D value for water, and 

14 McBain and Kistler, J. Phys. Chew., 33, 1806 (1929). 
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not the D for the urea solution. On the other hand, there has been no 
doubt as yet in investigations of the activity coefficients of strong electro- 
lytes in non-aqueous solvents that the D value of the particular solvent 
should be used.15 Accordingly we should use the dielectric constants of 
these two solutions in question and in view of the unexplainable dis- 
crepancy in the case of the urea solution we might conclude that there 
is an error in the measured dD/dT value, although Kockel reported re- 
producible measurements in the temperature range 5-35'. The question 
seems to be interesting enough to warrant further accurate measurements 
of dD/dT for aqueous solutions of non-conducting substances, a t  least 
relative to  the value for water, since the corresponding heat of dilution 
measurements can be made accurately and without great difficulty. 

We thank the Notgemeinschaft der Deutschen Wissenschaft and the 
Kaiser Wilhelm Institut fiir Physik for their support in this work through 
the furnishing of necessary apparatus. One of us (A. L. R.) was on leave 
of absence from the University of Pittsburgh during the course of this 
work. 

Summary 

The integral heats of dilution of potassium chloride in a 15% sucrose 
solution and a 5% urea solution as solvents have been measured in the 
concentration range 10-1-10-4 M at  2 5 O  with an exactness of *2% plus 
an added uncertainty of 0.5 cal. introduced by the extrapolation to infinite 
dilution. 

The curves are of the same general nature as those obtained for a number 
of 1-1 type salts (including potassium chloride) in water, hut the deviations 
froni the curve obtained for potassium chloride in pure water throughout 
the entire measured concentration range are outside of the limit of error. 

It does not seem possible to explain these deviations in terms of con- 
centration or association effects (if the formation of compounds between 
potassium chloride and sucrose or urea molecules is excluded). The 
differences are possibly due to the different dielectric properties of the 
solvents used, although uncertainties in the values of these constants make 
an exact comparison impossible. 

MUNICH, GERMANY 

' 5  La Mer, Trans. Am. Electrochem. Soc., 51, 507 (1927). 
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Introduction 
In a previous communication1 it was shown that when a 2CCt02 mixture 

was ignited by a condensed discharge a hyperbolic relationship existed 
between the gas pressure and the condenser voltage, i. e., 

V = k/P (1) 

where V is the minimum voltage necessary for flame propagation and P 
is the pressure of the explosive mixture. The effects of various impurities 
on the ease of ignition were also discussed and an attempt was made to  
establish a mathematical relation between the amount of impurity and the 
energy of ignition. 

In the present paper it is proposed to extend the hyperbolic relation 
between voltage and pressure to other explosive mixtures and to establish 
a more exact mathematical relation between the quantity of impurity 
present and the ignitibility of the gas. 

Finch and Cowen2 have shown that the ignition current in a 2HrOz 
mixture is a hyperbolic function of the pressure over an appreciable pres- 
sure range. From this they drew the conclusion that "ignition is deter- 
mined solely by the attainment in some portion of the gas traversed by the 
discharge of a certain definite concentration of suitable ions or electrically 
charged particles." 

The study of the effect of impurities on the ignitibility of explosive mix- 
tures has largely been confined to that of water vapor on the 2CO-02 
mixtures. This problem has been investigated by W. A. Bone and his co- 
worker~ ,~  who have shown that as water vapor is progressively removed the 
ignitibility rapidly diminishes, the minimum spark energy for a mixture 
dried with calcium chloride being about thirty-fold that required t o  ignite 
the same mixture when saturated with water. They have also shown that 
gas dried for a year over phosphorus pentoxide is ignitible in a sufficiently 
powerful condensed discharge although the reaction does not go t o  com- 
pletion. 

Apparatus 
The type of apparatus used in these researches was briefly described in the former 

article. It consisted of an explosion chamber of 56 cc. capacity which was connected 

1 A. Keith Brewer, Proc. Nat. Acad. Sci., 13, 689 (1927). 
"inch and Cowen, Proc. Roy. Soc. (London), 116A, 529 (1927). 

Bone and Weston, ibid., 110, 81 5 (1926). 
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to separate gas trains, one for the admission of the moist or dried 2CO-0% mixture, and 
the other for the admission of the various impurities tested. 

Open-end mercury manometers were used to determine the gas pressures. A 
McLeod gage was unsuitable since most of the impurities tested were vapors. The 
glass walls of these manometers can be kept clean by admitting hydrogen to the system 
from time to time and then passing an electric discharge from the mercury to a suitably 
placed auxiliary electrode. The Hz+ ions and atoms formed in the discharge readily 
reduce the oxides contaminating the walls. 

A Hyvac pump capable of giving a pressure of less than 0.1 mm. was used for evacu- 
ation. The explosion chamber was flushed out before admitting fresh gas. 

Connection to the explosion chamber was made through ground-glass stopcocks 
lubricated with high vacuum stopcock grease. No effect whatsoever could be attributed 
to the use of the grease. Its lower vapor pressure and its greater freedom from leaks 
render i t  far more satisfactory than the sirupy phosphoric acid often used in this type of 
work. 

The ignition was brought about by a discharge from eleven 1-mf. condensers placed 
in parallel. The condensers could be charged to any desired voltage by a high voltage 
d. c,  generator placed across a suitable potentiometer. The charging voltage was read 
with a 750 voltmeter, which could be used with a lo6-ohm resistance in series when 
necessary. 

The spark gap was made from two platinum balls about 2.0 mm. in diameter; 
one was fastened directly to a 60-mil tungsten lead while the other was fastened to a 
strip of flexible platinum spot welded to a tungsten lead on one end while the other end 
was connected to an iron weight enclosed in glass. The discharge 'was caused to pass 
by means of an electromagnet attracting the iron weight on the flexible platinum. 
The electrodes were removed from time to time and the balls re-rounded with an oxy- 
hydrogen flame; the shape of the electrodes had little effect, however, except when 
they were badly burned away. 

The carbon monoxide was prepared by the action of formic acid on sulfuric acid. 
Electrolytic oxygen was used from which the hydrogen was removed with heated copper 
oxide and the water with sulfuric acid. The organic vapors were all dried and purified 
by the usual methods. 

The 2CO-02 mixture was dried by allowing the preliminary dried gases to stand 
over fresh sulfuric acid for about twenty-four hours, and then by passing the mixture 
through a deep tower filled with sulfuric acid and glass beads before entering the ex- 
plosion chamber. Any sulfuric acid mist was removed with glass wool. Water was 
substituted for the acid when it was desired to have the mixture saturated with moisture. 

Method of Procedure 

In  preparing the explosion chamber for a filling with a water-saturated 
2CO-02 mixture, no precautions were necessary after evacuation except to 
flush the chamber out with a small amount of gas before filling to the de- 
sired pressure. In the experiment, when the dry gas was used, the ex- 
plosion chamber was baked out with a flame t o  remove all adhering mois- 
ture from the walls before starting the experiment. After the system was 
once thoroughly dried, further baking out was unnecessary during a single 
series of runs. 

I n  testing for the effect of impurities i t  was found that a thorough 
mixing of the gases, as well as a more accurate pressure reading, could be 
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obtained by admitting the impurities to the reaction chamber first. When 
necessary, the gases were agitated in the explosion chamber by swinging the 
flexible electrode with the electromagnet. 

In determining the minimum ignition voltage, it was found necessary to  
obtain the approximate voltage first. This was done by starting a t  some 
low voltage and gradually raising the sparking voltage until the gas ignited. 
Since the sparking potential fluctuates statistically about a definite value 
for a given set of conditions, several tests had to be made at  each voltage. 
I t  was found, in general, that if a gas mixture would ignite a t  a given voltage 
it would do so within three or four trials. After the approximate ignition 
voltage was found, the true voltage was obtained by starting the ignition 
tests just under the first value. Since some oxidation took place in the 
path of any spark the products of reaction formed before the ignition volt- 
age was reached often caused these two values to differ by an appreciable 
quantity. 

Results 
Pure Explosive Mixtures.-The pressure ignition-voltage curve for 

an explosive mixture of ethyl ether and oxygen is illustrated in Fig. 1. 
The results obtained with ex- Pressure in cm. 
plosive mixtures of oxygen 2 4 6 8 1 0  
with carbon disulfide, ethyl al- 
cohol and carbon monoxide are 
similar. In most instances the 
points on a given curve checked 
within + 5 volts. 

When the ignition voltage 
was plotted against the recip- 
rocal of the pressure the points $ 
all fell closely on the straight 3 160 

lines illustrated in Fig. I. This 
indicates that a hyperbolic re- 
lationship exists between igni- 
tion voltage and pressure which 
may be expressed as V = k/P. 80 

It will be noted that while the 
values of k differ widely for dif- 
ferent reactions, the lines all 
intersect the voltage axis some 
place between 15 and 20 volts. 0 0.2 0.4 0.6 0.8 1.0 

Effect of Impurities.--Im- 1/P.  
Fig. 1. purities may be divided into 

two distinct classes with respect to their effect on the ignitibility of a 
2CO-02 mixture; namely, as positive and negative catalysts. The former 
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are those that when added to the explosive mixture in almost any propor- 
tion lower the energy necessary for ignition, and the latter are those that 
raise the ignition energy. 

In  Fig. 2 is illustrated the effect of adding various amounts of impurities 
on the voltage necessary to explode a mixture containing 12 cm. 2C0 + 
O2 and 2 cm. water vapor. 

It will be noted that ether up to 3.0 mm. and ethyl alcohol up to 6.0 mm. 
partial pressure lower the ignition energy, and thus behave as positive 
catalysts. Above these pressures the vapors of both behave as powerful 
negative catalysts. 

2.0 4.0 6.0 8.0 
Added gas i11 cm. 

Fig. 2 .  

The ethyl alcohol curve is divided into two sections: Part I represents 
the addition of alcohol vapor alone, while Part I1 represents the effect 
produced when sufficient oxygen to burn the alcohol is also added. The 
effect of ether with additional oxygen is the same. Hydrogen also behaves, 
in this respect, like alcohol and ether, but the effect is not so pronounced. 
The reason is probably that the hydrogen bums even without additional 
oxygen because it ignites more readily than the carbon monoxide and 
requires much less oxygen per volume than alcohol or ether. Thus it will 
be seen that whether these vapors are to be considered as positive or nega- 
tive catalysts depends entirely on whether or not they burn in the explo- 
sion; if they burn, they are positive catalysts, while if oxygen is insufficient 
for their combustion, they are negative catalysts. 

The data in Fig. 1 show that gases differ widely in their negative cata- 
lytic properties. To illustrate, the amount of impurities in centimeters of 
mercury that must be added to a given explosive mixture to  raise the 

" ignition voltage from 95 volts to 150 volts is as follows. 
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Impurity Cm of H g  Impurity Cm. of Hg 

A 9.75 C~HSOH 1 . 7  
Nz 4.0 CHsCHO 1 .6  
COz 3.0 CIHTONO 0.95 
CHCI, 2 .2  (C2Hd20 .80 

It will be seen from the foregoing that the ability of an impurity t o  
inhibit ignition is a function of the complexity of the molecule; indeed i t  is 
almost directly proportional to the number of atoms in the molecule. 
An exact mathematical relationship between the number of atoms and the 
ignition voltage is difficult to establish, since many of the impurities such as 
hydrogen and alcohol behave both as positive and negative catalysts, 
depending on the amount present. 

Mm. of alcohol and ether. 
5 2.5 1.25 1.0 fi + u 

0 0.4 0.8 1.2 1.6 2.0 2.4 l / (p+a)  
2.5 1.25 0.833 0.625 0.5 p +  a 

Mm. of water and hydrogen. 
Fig. 3. 

Quantitative Effects of Four Positive Catalysts.--The effect of adding 
explosive mixtures of oxygen with hydrogen, water, alcohol and ether 
vapors as impurities to the dry 2CO-02 explosive mixture a t  14 cm. pressure 
is exhibited in Fig. 3. The abscissas are I/& + a), where # mm. is the ob- 
served pressure of gas added, and a is a constant that differs from one gas 
to another. The ordinates are the voltages necessary to ignite the mixture 
when the # mm. of gas have been added; p and V seem to satisfy the relation 
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This is the equation of the lines drawn in the figure. The values of a, b, 
c are tabulated below. 

Gas a (mm ) b (volts) c (mm. volts) 
Water -0.35 45.4 90.2 
Hydrogen .10 42.7 67.6 
Alcohol .67 27.3 158.9 
Ether .46 27.4 213.8 

These values were worked out by least squares, throwing all the errors of 
observation on to p, and giving the higher values of P several times as 
much weight as the lower values. 

It is interesting to observe that the points satisfy this relation as closely 
as they do, that the V intercepts for hydrogen and water are nearly equal, 
and that those for alcohol and ether are equal. These curves, if extended, 
would not be straight lines throughout their entire course; a t  their upper 
ends they must all become asymptotic to the ignition voltage for the pure 
2CO-02 mixture at  14-cm. pressure. At the lower ends beyond the last 
experimental points, their shapes cannot be predicted with certainty, but 
the curve for water will turn up and become asymptotic to the V axis. 
Over the range of these experiments the data are well represented by the 
relation (2). 

An explanation of the constant a that enters the above relation can be 
found from the following reasoning. The impurity was always admitted 
to  the explosion chamber and its pressure p read before the explosive mix- 
ture was turned in. The pressure of the impurity was in most cases com- 
paratively small-from 0.2 mm. to 20 mm.-and if a few tenths of a milli- 
meter of the gas condensed on the walls after it was read, or if some that had 
already condensed before its pressure was read was displaced by the 
carbon monoxide or oxygen, then the pressure of the impurity actually in 
the gas phase at  the moment of explosion would differ from the value re- 
corded for #. I t  seems plausible to consider that a represents the average 
discrepancy between p and the actual pressure P + a of the impurity a t  
the moment of explosion. l/(p + a) could then be considered the specific 
volume (in arbitrary units) ; and since the curves are straight lines it ap- 
pears that the change in ignition voltage is proportional to the change in the 
specific volume of the impurity present a t  the moment of ignition. 

Discussion 
A consideration of the ignition process is helpful to an understanding of 

the mechanism. A critical voltage exists for each explosive mixture, 
and propagation never takes place a t  lower voltages. Chemical action 
does take place, however, directly in the path of the spark a t  a voltage far 
below that necessary for propagation. The amount of gas burned in the 
non-propagating sparks was measured by the change in pressure following 
the spark; when low voltages were used it was found necessary to measure 
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the pressure after several sparks had been sent through the gas. In  gases 
with a low ignition voltage, the amount that can be burned in a non- 
propagating discharge is small, but for a dried 2CO-02 mixture, which has a 
high ignition voltage, a discharge wherein slightly over one cubic centimeter 
of gas, at  the pressures used, is burned in the spark can be sent through the 
gas without propagation. For the moist mixture the gas that  could be 
burned in a non-propagating spark was of the order of 1 to 5 cubic milli- 
meters; the size of the ball of gas burning in the path of the spark in- 
creases with the decrease in percentage of moisture. It appears, therefore, 
that a certain amount of the mixture must be burned in the spark before 
the combustion will go to completion; the higher the ignition voltage the 
more must be burned in the spark. 

In the case of the  added impurities, it  will be seen in Fig. 2 that  both 
alcohol and ether in themselves are strong negative catalysts in the oxida- 
tion of carbon monoxide, while in Fig. 3 both of these vapors, in the pres- 
ence of sufficient oxygen for their combustion, appear as powerful positive 
catalysts. From this it appears that ether and alcohol molecules, as such, 
are negative catalysts and that the burned product is the positive catalyst. 
Since carbon dioxide, as will be seen in Fig. 2, shows only negative catalytic 
properties, it follows that the positive action of both alcohol and ether as 
well as hydrogen is largely due to their ability to furnish water to  the 
reaction. No doubt the heat liberated in this oxidation is also a contribut- 
ing factor, but is of minor importance compared to the formation of water. 

A comparison of the slopes of the lines in Fig. 3 shows that  per total 
water molecules formed there is a decreasing efficiency per molecule in the 
order water, hydrogen, alcohol and ether, probably because the effective 
water concentration is materially less than the total number formed in the 
explosion, since the rate of burning of carbon monoxide is appreciable com- 
pared with that of the hydrogen, alcohol or ether. In the two latter cases 
the apparent efficiency of the water is also impaired by the presence of 
carbon dioxide. 

These observations confirm the relation that has been shown to exist 
between ignition voltage and pressure. The equation V = k / P  shows that  
the ignition voltage is inversely proportional to the pressure and hence to  
the number of molecules in the path of the spark. Thus for propagation i t  
appears that a definite number of molecules must be burned in the path of 
the spark, the exact number being specific for each reaction. While the 
number of molecules that must he burned for propagation cannot be told, 
the relative number for different mixtures may be obtained from the values 
of k; since the slopes of the lines of V vs. 1/P are 1400 and 334 for carbon 
monoxide and ether, respectively, we can say that the number of molecules 
that must be burned for propagation in the two mixtures are in the ratio 
1400 : 334. This statement assumes that density is proportional to pres- 
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sure, and that the lines all have the same intercept on the V axis, both of 
which are not strictly true but introduce only small corrections. k can 
therefore be used as a measure of the ease of ignition in various explosive 
mixtures and may be termed the ignitibility constant. 

* In  a condensed discharge, such as was used in this work, the quantity of 
electricity passing across the spark is proportional to the voltage, since 
Q = CV,  where Q is expressed in coulombs, C is the condenser capacity, 
which was kept constant, and V is the voltage. The word quantity, 
therefore, can be substituted in the place of voltage, in these discussions. 

I n  this connection it is of interst to recall that in a former article1 it was 
shown that when the capacity was varied a 600% increase in C resulted in 
only an 18% decrease in Q. From this i t  will be seen that the ignition is 
actually established by the quantity of electricity flowing and is a t  most 
only slightly related to the voltage. The slight increase in Q with in- 
creased V and decreased C is probably because the ionizing efficiency of an 
electron is slightly less than proportional to the voltage. From these 
considerations it seems very probable, as was pointed out by Finch and 
C ~ w e n , ~  that ignition results from the attainment of a definite ion density 
as determined by Q a t  some point in the gas. 

The fact that the lines for the various gases listed in Fig. 1 intersect the 
voltage axis at a point that is very close to  the ionization potential for the 
gases used indicates that ionization is necessary for ignition. In  this 
respect the results are very similar to those obtained in the glow discharge, 
for the oxidation of hydrogen4 and the oxidation of carbon m~noxide,~ 
wherein i t  was possible to trace the oxidation from a simple ionic reaction 
through chain reactions to the ignition point. 

Laws of Ignition.-These observations, when interpreted in the light 
of the hyperbolic relation between pressure and ignition voltage, may be 
summed up in the following rules for ignition. 

Equation 1 may be interpreted as: ( I )  the voltage necessary to ignite a 
given explosive mixture i s  inversely proportional to the number of molecules in 
the path of the spark. Similarly, Equation 2 may be interpreted: (11) 
the ability of a positive catalyst to lower the voltage necessary to ignite a given 
explosive mixture is ,  over a zeride range, proportional to the number of its 
molecules in the $ath of the discharge. The data tabulated in Fig. 1 may be 
interpreted as: (111) the ability of a negative catalyst to raise the ignition 
voltage i s  a direct function of the complexity of its molecule. 

Summary 

The hyperbolic relation VP = k between ignition voltage and pressure 
of the mixture, noted by Brewer in 1927, working with a 2CO-02 mixture, 

Brewer and Westhaver, J. Phys. Chem., 34, 2343 (1930). 
Brewer and Kueck, ibid. (in press). 
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is shown to hold also for explosive mixtures of oxygen with ethyl alcohol, 
ether and carbon disulfide. Arguments are advanced to  prove that  this is 
a general law of ignition. k is different for each mixture. 

Impurities in the explosive mixture are divided into two classes, positive 
and negative catalysts; the former lower the ignition voltage and the latter 
raise it. Vapors that burn to form water as one product of combustion will 
be positive catalysts when present in a small amount and negative catalysts 
when present in a greater amount. The positive action of a catalyst 
probably comes from the water formed in its combustion, which precedes 
the ignition of the main mixture. All impurities that form water seem t o  
act as positive catalysts when present in any  amount provided there is 
sufficient extra oxygen to burn the catalyst. 

A quantitative relation, also hyperbolic, is worked out for impurities that  
act as positive catalysts. It is 

( V - b ) ( g + a )  = = G  

p + a is the pressure of the explosive mixture added as impurity, V the 
ignition voltage, and b and c are constants for each catalyst. 

The two hyperbolic relations explained can be restated thus: ( I )  the 
voltage necessary to ignite a given explosive mixture i s  inversely proportional 
to the number of molecules in the path of the spark. ( I l )  the ability of a 
positive catalyst to lower the voltage necessary to ignite a given explosive mixture 
is ,  over a wide range, proportional to the number of its molecules in the N t h  of 
the discharge. 

A study of curves for several catalysts shows that, (111), the ability of a 
negative catalyst to raise the ignition voltage i s  a direct function of the com- 
plexity of its molecule. 

WASHINGTON, D. C. 

[CONTRIBUTION FROM THE RESEARCH LABORATORY OF INORGANIC CHEMISTRY, 
MASSACHUSETTS INSTITUTE OF TECHNOLOGY, NO. 51 
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RECEIVED JULY 18, 1930 PUBLISHED NOVEMBER 5, 1930 

Considerable work has been done on the anhydrous trichloride and di- 
chloride of titanium, and the di-iodide and trifluoride have been prepared, 
but we have been unable to find any data concerning the anhydrous lower 
bromides. The present work had for its purpose the preparation of these 
latter compounds and a study of some of their properties. 

Three methods of preparation were considered and tried: (I) reduction 
of the tetrabromide by hydrogen; (2) the action of hydrogen bromide on 
titanium; (3) reduction of the tefrabromide by metals with and without a 
solvent. 



4234 RALPH C. YOUNG WITH WALTER C. SCHUMB Vol. 52 

For the preparation of titanium tetrabromide, dry carbon dioxide was 
allowed t o  pass through an intimate mixture of pure titanium dioxide (1 
mole) and charcoal (2 moles) which was heated in a combustion furnace. 
After the water vapor was expelled, the carbon dioxide was directed 
through liquid bromine and the temperature of the furnace was raised until 
the pyrex tube showed signs of softening. The titanium tetrabromide was 
collected in a pyrex flask connected to the reaction tube. It was later 
freed from bromine by being kept in a liquid condition while carbon dioxide 
was allowed to bubble through it. It was distilled in an atmosphere of 
carbon dioxide and collected in tubes which were then sealed The portion 
distilling a t  230° was used. Titanium tetrabromide prepared by the action 
of hydrogen bromide on titanium was also used in some of the experiments. 

I n  applying method (1) above mentioned, on account of the reversibility 
of the reaction between titanium tetrabromide and hydrogen, i t  seemed 
advisable to employ the hot-cold tube principle which was used in the 
preparation of the trichloride by Georges and Stahler. l Hydrogen, dry 
and freed from oxygen by passage over hot platinized asbestos, was allowed 
to  bubble through liquid titanium tetrabromide in a 50-cc. flask, (A Fig. l ) ,  
sealed directly to a 30-mm. pprex tube, 66 cm. long, B, through the center 
of which passed an 8-mm. tube, C. Cold water was conducted to the end 
of tube C by a 4-mm, tube, D. By this means a temperature gradient in 
the outer tube of about 750 to 22' was obtained. A hinged type electric 
furnace was used for heating, the temperature of which was controlled by a 
rheostat and measured by means of a pyrometer. 

Preparation of Anhydrous Titanium Tribromide.-The apparatus was 
first swept out with hydrogen which entered through a tube sealed to  the 
neck of the flask. After the reaction tube had been heated to redness, the 
gas was directed through the titanium tetrabromide, which was heated 
with a burner to such a temperature that about 15 g. per hour was vaporized 
and passed into the large tube. It was found necessary to  employ a rapid 
stream of hydrogen (about 200 cc. per minute) to insure appreciable 
yields of product. A dark deposit could be noticed almost immediately a t  
the end of the cold tube. This grew in length and thickness. Some of the 
reduced product was carried along with the unchanged titanium tetra- 
bromide and hydrogen through tube E into a flask, I?, by means of which 
the unchanged titanium bromide could be recovered. 

The deposit on tube C soon assumed a crystalline character. Lustrous 
blue-black needles extended from the portion adhering to  the cold tube to 
within a few mm. of the walls of the outer tube. Interspersed among the 
needles were small hexagonal plates. This formation of needles and plates 
was allowed to continue for about two hours or until i t  had extended for a 
distance of about 10 cm. along tube C,  The passage of the hydrogen 

1 Georges and Stahler, Ber., 42, 3200 (1909). 
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through the titanium tetrabromide was discontinued and the gas allowed 
to go directly into the reaction tube. The burner and the furnace were 
shut off and the reaction tube cooled to 250' and then the water flow was 
discontinued. Any titanium tetrabromide which had condensed on the 
cooling tube now volatilized. The furnace was next allowed to  cool down 
to room temperature. All the titanium tetrabromide was driven by means 
of a free flame into the flask, F. Then a current of dry carbon dioxide was 
substituted for the hydrogen and after the hydrogen was displaced, the 
tube leading into the flask F was sealed a t  K. The empty cooling tube was 
next partly withdrawn through the cork stopper which held it in the large 
reaction tube. During this process a lively stream of carbon dioxide 
prevented air from entering tllrough the cork. The black product for the 
most part fell to the bottom of tube B and by means of tipping and shaking 
could be brought into tube E without any appreciable hydrolysis taking 
place. After the flow of carbon dioxide had becn stopped, the tube E was 
sealed a t  G and the product thus obtained in an atmosphere of carbon 
dioxide. 

Fig. 1.-Apparatus for the preparation of titanium tribromide. 

The tube with contents (carbon dioxide and the bromide of titanium) 
was weighed, opened and the product immediately dissolved in cold water. 
The familiar violet solution of trivalent titanium was obtained. There 
was a slight residue of titanium dioxide which amounted to 0.0035 g. in 
about 0.50 g. of the product. The titanium was removed from solution by 
precipitation with ammonium hydroxide as the hydrated oxide, which 
was afterward ignited and weighed as titanium dioxide. The bromine was 
determined as silver bromide. 

ANALYSES 
I I1 Calcd. for TiBra 

Ti, % 16.6 16.6 16.7 
Br, % 83.0 82.9 83.3 
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The solution had the usual reducing properties of trivalent titanium. 
Ammonia produced a bluish-black precipitate which evolved hydrogen and 
gradually turned white. 

During the course of one hour about one gram of the tribromide was 
produced and the tetrabromide which passed through the tube unchanged 
was recovered practically quantitatively. 

An examination of the plstes and needles was kindly made by Professor 
M. J. Buerger of the Geology Department of this Institute, who reported as 
follows. "The plates were hexagonal. The needles were studied with a 
petrographic microscope, carbon tetrachloride being used as the immersion 
Uquid. The following characteristics were observed. With the light 
vibrating parallel to the length they were opaque, while they appeared blue 
with the light vibrating normal to the length. The interference colors can 
be described as anomalous. The needles possessed parallel extinction 
which denoted them to be hexagonal, tetragonal or orthorhombic. The 
formation of two kinds of crystals by a single substance in a reaction where 
a large temperature gradient is present is described by Tutton2 in the case 
of antimony trioxide." The plates dissolved a little more slowly than the 
needles but gave the same violet solution. They seemed more compact 
and denser than the needles. Slight hydrolysis and oxidation brings about 
a somewhat violet appearance which deepens to red if allowed to continue. 

Preparation of Anhydrous Titanium Dibromide.-The sealed tube 
containing a sample of the tribromide was evacuated with a high vacuum 
pump and heated in an electric furnace, the small end being immersed in ice 
water or in a mixture of alcohol and solid carbon dioxide. In decomposing 
the titanium tribromide, according to the equation 2TiBr3 TiBrt + 
TiBr4, a temperature not greatly exceeding 400' was used in order to pre- 
vent as far as possible the decomposition of the dibromide; a 0.5-g. sample 
required eighteen hours for complete reaction. The proportions of di- 
bromide and tetrabromide obtained from a known weight of the tribromide 
corresponded fairly closely to the requirements of the above equation. The 
titanium dibromide proved to be a deep black powder. 

The end of the tube containing the volatilized titanium tetrabromide was 
sealed a t  H, the tube containing the dibromide was opened in an atmos- 
phere of carbon dioxide and the contents dissolved in cold water saturated 
with carbon dioxide. A small residue remained undissolved which 
amounted to 0.0060 g. for 0.2100 g. of the product. Analysis gave the 
following results. 

ANALYSES 
I I1 Calcd. for TiBn 

Ti, % 77.5 77.3 76.8 
Br, % 22.3 221.8 23.1 

Tutton. "Crystallography and Practical Crystal Structure," p. 1256. 
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The black powder was very reactive, with strong reducing properties. 
It caught fire when exposed to moist air and dissolved in water with the 
evolution of hydrogen. In a mixture of ice and water saturated with car- 
bon dioxide the reaction was much slower but nevertheless noticeable. 
On heating, titanium dibromide was found to decompose into titanium and 
titanium tetrabromide. This reaction takes place very slowly a t  500°, 
but a t  650' a t  such a rate that 0.2 g. decomposed in six hours. There was 
no evidence of hydrogen or hydrogen bromide being formed by the de- 
composition, which rules out the possibility of hydrogen being a part of the 
compound; nor was there any appearance of free bromine. 

The following equations indicate two possible ways in which titanium 
tribromide could be formed from the tetrabromide: 

2TiBr4 + Hz 2TiBr8 + 2HBr (1) 
TiBra + TiBrz e 2TiBr3 (2) 

The surface of the reaction tube in the hot zone is considerably attacked 
and black metallic titanium is first formed thereon. This then appears t o  
react with the glass. It is reasonable to suppose that titanium dibromide 
is formed by reduction in a somewhat cooler zone and i t  was proved by a 
separate test that titanium tribromide can be formed with the furnace a t  
400'. In other experiments, a thermocouple enclosed in a pyrex tube in 
the reaction zone midway between the cooling tube and the inner surface 
of the large tube, which was heated to 750°, registered 400°. No reduc- 
tion product was obtained on the side toward the hot surface of the large 
tube, while the product did form between the tube containing the thermo- 
couple and the inner cold tube. The formation therefore took place below 
400'. 

A study was made of Reaction 2. In the same apparatus used for the 
preparation of titanium tribromide, titanium dibromide was formed in an  
atmosphere of hydrogen according to the equation 2TiBrs TiBr4 + 
TiBr2, a t  450°, no water having been allowed to circulate in the cooling 
tube. The needles and plates (TiBr3) changed to a very black powder. 
Titanium tetrabromide was then passed with hydrogen through the furnace 
and the temperature gradually raised from room temperature. At 280° 
there developed the distinctive bluish-black appearance of the tribromide 
and a t  38g0 all appeared to be changed over. The product dissolved in 
water to form a solution which possessed the properties of trivalent ti- 
tanium. 

Action of Hydrogen Bromide on the Lower Bromides of Titanium and 
Titanium Metal.-Titanium tribromide was made as described pre- 
viously and hydrogen bromide, prepared as usual from hydrogen and 
bromine with the aid of a platinized asbestos catalyst, and carefully freed 
from bromine by ferrous bromide and from water by calcium bromide, was 
passed through the reaction tube containing the solid. The furnace 
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temperature was gradually raised; a t  250° reaction took place slowly with 
the formation of titanium tetrabromide and hydrogen and above 350' 
became very rapid. 

Likewise, titanium dibromide was produced in the large pyrex reaction 
tube in the manner described above, hydrogen bromide was passed over it, 
and the temperature of the furnace gradually raised. The black titanium 
dibromide began to assume the brilliant blue-black color of the titanium 
tribromide at 160' and some titanium tetrabromide was also produced. 
The non-volatile product was dissolved in water and proved to be titanium 
tribromide. 

Titanium metal was found to react with hydrogen bromide a t  300° and 
very slowly slightly below this temperature. Experiments were conducted 
a t  450' and at 300° to see in which case more of the non-volatile bromides 
were produced. At 450' the proportion of non-volatile product to volatile 
titanium tetrabromide, calculated in moles, was 1 to 20, while a t  300' the 
proportion was 1 to 2 and only in the latter case was there evidence of the 
presence of the dibromide. Consequently the formation of incompletely 
halogenated products is favored by low temperature, a result which is 
similar to that noted in the action of hydrogen bromide on ~i l icon.~ 

Finally, the reduction of titanium tetrabromide by means of metals, 
namely, titanium, mercury and silver, was studied. Titanium tetra- 
bromide was heated with titanium in a sealed tube a t  300' for four hours. 
Black needles of titanium tribromide, of the same general appearance as 
already described, were formed. Mercury was also found to reduce ti- 
tanium tetrabromide when the two substances were heated in a sealed tube 
a t  300'. If a sealed tube containing a benzene solution of titanium tetra- 
bromide and mercury is rotated, the reduction to titanium tribromide and 
mercurous bromide is practically quantitative,* both products being in- 
soluble in benzene. Attempts to separate the two by sublimation were not 
successful. Water dissolved the titanium compound and the solution gave 
the usual tests for trivalent titanium. Silver was found to  react in a man- 
ner similar to mercury. 

Summary 
Anhydrous titanium tribromide was prepared in a mixture of two crystal- 

line forms by reduction of the tetrabromide with hydrogen by the use of the 
hot-cold tube principle. In the study of its properties, i t  was found to  
decornpose at 400' into titanium tetrabromide and titanium dibromide. 
The reverse reaction was also carried out by the passage of vapors of the 
tetrabromide over heated titanium dibromide. Titanium dibromide de- 

Schumb and Young, THIS JOURNAL, 52, 1464 (1930). 
The titanium tribromide formed from 4 g. of tikinium tetrabromide by reduc- 

tion with 10 g. of mercury in 20 cc. of benzene reduced 26.5 cc. of 0.4 N ferric alum 
solution. This is equivalent to a yield of tribromide of about 97%. 
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composes into titanium metal and titanium tetrabromide, very slowly at 
500" but rapidly a t  650'. 

Both the di- and tribromide react with hydrogen bromide to  produce the 
tetrabromide. Titanium metal reacts with hydrogen bromide to  produce 
a greater proportion of non-volatile bromides (TiBrz and TiBrt) t o  the 
tetrabromide a t  300° than a t  450°. 

At 300' titanium metal suspended in titanium tetrabromide brings about 
partial reduction to the tribromide. Silver and mercury reduce titanium 
tetrabromide, dissolved in benzene, to titanium tribromide; in the case 
of the latter metal the reduction is practically quantitative. 

CAMBRIDGE, MASSACHUSETTS 

THE THERMODYNAMIC TREATMENT OF CHEMICAL 
EQUILIBRIA IN SYSTEMS COMPOSED OF REAL GASES. III. 

MASS ACTION EFFECTS. THE OPTIMUM HYDROGEN: 
NITROGEN RATIO FOR AMMONIA FORMATION IN THE HABER 

EQUILIBRIUM 

Although the mass action law has often been applied to  experimental 
studies of gaseous equilibrium, there is little or no direct evidence of its 
inadequacy for gases. This is doubtless due to the fact that most studies 
have been made a t  low pressures. and sometimes also a t  high temperatures, 
conditions which favor the appIicability of the ideal gas laws to real gases. 

A recent exception has been furnished by the data on the Haber equi- 
librium obtained by Larson and Dodge and by Lars0n.l Here i t  has been 
found that Kp, the mass action function in terms of ideal gas partial pres- 
sures, is not constant a t  constant temperature, as required by the theory of 
ideal gases, but increases definitely with the pressure. As already pointed 
out2 we must therefore believe that Kp will vary if the concentrations are 
varied a t  constant temperature and pressure-in other words, that K* is 
not strictly constant with respect to any change of condition whatever. 

The contributions of previous investigators to the theory have been 
discussed a t  length in Part I of the present seriesS of three papers. Here 
we shall repeat only the previous results of present interest. 

' Larson and Dodge, THIS  JOURNAL,^^, 2918 (1923); Larson, ibid.. 46,367 (1924). 
Gilespie, ibid., 47, 305 (1925). 

a Gillespie and Beattie, Phys. Rm., 36, 743 (1930); Part 11, Phys. Rev., 36, 1008 
(1930). In this part the heat of reaction was calculated at various temperatures and 
pressures, and the entropy and energy constants of ammonia were found. 
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I n  brief, a general mass action equation has been derived4 by assuming 
that  certain properties4,6 of ideal gases hold also for real gases a t  very low 
pressures. By assuming further that the equation of state of a gas mixture 
may be obtained by means of a "linear combination of constants" and that 
the Beattie-Bridgeman equation of state6 is to be used for the separate 
gases a mass action equation has been derived7 in which all the integrations 
have been carried out, in terms of the volume of the mixture. 

Subject to the same assumptions and to some simplifying assumptions, 
which should be valid a t  pressures not too high, the following approximate 
mass action equation has been derived8 

In K ,  = In K i  - (Zvi  [Be - A,i/RT - C,/T3]  + Zu, [(A:,/2 - Z X , A : / ~ ) ~ / R T ]  ) p / R T  (1)  

K: is the limiting value of K, when the gaseous mixture is maintained in 
equilibrium and its pressure reduced to  zero. It is determined by the 
temperature alone for a given chemical equation. 

An approximate equation similar to  Equation 1, but without the con- 
stant c, has been obtained by Keyes

g
" from the kinetic considerations 

leading t o  the Keyes equation of state.gb 
The cbemical equation for the Haber equilibrium is 

1/2N2 f 3/2H2 = NHs (2) 

From the definition of K,  we have 
log K p  = log x - 1/2 log XN - 3 / 2  log X E  - log @ (3)  

where x ,  XN and x~ are the mole fractions of ammonia, nitrogen and 
hydrogen, respectively, in the equilibrium mixture, and p is its pressure. 

Equation 1 gives us for the Haber equilibrium, after substituting nu- 
merical values3 for the equation of state constants Ad,  BOi and Ci 
log (K,/K,*) = @ [0.1191849/T + 25122730/T4 + 3 8 . 7 6 8 1 6 Z ( x , ~ : [ ~ ) / ~ ~  + 

6 4 . 4 9 4 2 9 ( Z x i ~ : l " ) " / ~ ]  (4)  

where the values of A:<' for ammonia, nitrogen, hydrogen and argon are 
1.546932, 1.159526, 0.4444097 and 1.136090 liter-(atm~s~here)'~ per mole, 
respectively, and log refers to the base 10. 

In  Part I of the present series, Equation 4 was applied to the existing data 
of Haber, lo of Larson and Dodge, and of Larson, and was found to represent 
the effect of pressure on the yield of ammonia within the experimental 
error a t  all temperatures. 

Gillespie, THIS JOURNAL, 48, 28 (1926). 
6 Beattie, Phys. Rev., 36, 132 (1930). 

Beattie and Bridgeman, Proc. Am. Acad. Arts Sci., 63,229 (1928); THIS JOURNAL, 

50, 3133 (1928). 
Beattie, Phys. Rev., 31, 680 (1928); ibid., 32, 691 (1928). 

8 Gillespie, ibid., 34, 1605 (1929). 
(a)  Keyes, THIS JOURNAL, 49, 1393 (1927); (b) Am. Soc. Refrig. Eng. J., 1, 9 

(1914); Proc. Nut. Acad. Sci., 3, 323 (1917). 
lo Haber. 2. Elektrochem., 21, 89 (1915). 
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The temperature variation was expressed by the equation 
log K,* = -2.681122 10% T - 5.519265.10-6T $- 1.848863.10-"Ta + 

2001 6 / T  + 2.6899 (5)  

of which the last two constants, and these only, were arbitrary and chosen 
to fit the whole body of data. 

Theory 

Equation 5 rests on the assumptions that the specific heats of the gases a t  
extremely low pressures may be expressed over the necessary temperature 
interval a .  functions of the temperature in series, and that the temperature 
variation of Kp is the same for real gases at extremely low pressures as for 
ideal gases.ll There would be no point here in questioning the validity of 
these assumptions. The use to which we put Equations 4 and 5 in this 
paper depends, however, on the validity of Equation 1 or 4. 

We believe that we are in a very good position to calculate the effects of 
varying composition in the Haber equilibrium by the use of the numerical 
equation 4 in connection with Equation 5,  which serves to eliminate log K*p 
from Equation 4, for the following reasons: (1) the general assumptions 
underlying the mass action equations discussed above are supported 
abundantly by experimental evidence other than that relating to  the Haber 
equilibrium, as has been discussed in Part I. (2) The agreement of the 
approximate equation (1) or (4) with the Haber equilibrium data indicates 
that the simplifying assumptions which have been used to obtain them are 
not too severe. (3) The composition terms in z ( ~ A ~ ( ~ )  occurring in 
Equation 1 or 4 must be supposed approximately correct, since a mass 
action equation, which may be considered to be based on the Lewis and 
Randall rule1$ of fugacities, and which differs from Equation I principalIy 
by the omission of these composition terms, has been applied to  the Haber 
equilibrium data and found to fail badly at 300 atmospheres to represent 
the pressure variation of K,, though the representation a t  lower pressures 
was good.4 

A mass action question of unique interest is the following: At what mole 
ratio, hydrogen:nitrogen, will there be at  given temperature and pressure 
the largest mole fraction of ammonia in the equilibrium mixture? 

When the function K* is constant at  constant temperature and pressure, 
as is the case not only for ideal gases but also for the case that the Lewis and 
Randall rule is exactJ4 the optimum ratio is exactly three (provided neither 
reactant is contaminated with an inert gas), as may readily be shown 
mathematically by equating to zero the derivative of log K, with respect 
to the ratio H2:Nz. But according to Equation 1 or 4, or indeed according 

l1 For a very simple choice of necessary assumptions for the discussion of thermo- 
dynamic equilibrium in real gases, see Beattie, Ref. 5. 

l2 Lewis and Randall, "Thermodynamics and the Free Energy of Chemical Sub 
stances," McGraw-Hill Book Co., New York, 1923. 
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to  any equations which are not based on the ideal gas laws and which differ 
from the Lewis and Randall rule,4 K p  varies with composition a t  constant 
temperature and pressure, and naturally a value different from three will be 
expected for the optimum ratio, as already suggested.13 

By examination of the derivative of the mole fraction of ammonia a t  
equilibrium, below always denoted by x ,  with respect to re, the equilibrium 
value of the ratio Hz:Na, the following equation is found for the optimum 
value of re when no argon is present in the reactant gases. 

Here AoN and AoH are the cohesive pressure A0 constants in the Beattie- 
Bridgeman equation of state for nitrogen and hydrogen, respectively. 
The summation z ( ~ A ~ < ~ )  is obtained by adding the terms x1~; i2  +xd;i2 
+ . . . . , etc., taking the square roots of the cohesive pressure constants, 
and XI, xz, etc., the mole fractions, for all gases present in the equilibrium 
mixture. M is the modulus of logarithms, 0.43429 . . . , p is the pressure 
in atmospheres (normal) and T is the absolute temperature (to + 273.13). 

At zero pressure re = 3. At other pressures the sign of the correction 
depends on the term (A:$ - A ; / H ~ ) ,  which is +0.7151163. Hence the 
optimum ratio lies a t  less than 3 for all pressures not zero within which the 
simplifying assumptions used in deriving Equation 1 are valid. 

Although re appears on both sides of Equation 6, this does not cause any 
serious difficulty, as the quantity to be subtracted from 3 is small, and hence 
the use of an approximate value of re on the right-hand side of the equation 
will lead to a good value. More serious is the fact that x and z ( x ~ A ~ / ~ )  
must be consistent with Equation 4. Hence several trials are necessary to 
arrive a t  good numerical values of x and re. We have used Equation 6 only 
for checking the results of other computations. 

It appeared somewhat more interesting to calculate the best initial value 
of the ratio Hz:N2, which initial ratio we shall designate by r, in a reactant 
mixture of hydrogen and nitrogen when the nitrogen contains c mole per 
cent. of argon. 

If in such a reactant mixture containing originally no ammonia there is 
formation of ammonia subject to Equation 2, then the mole fractions of the 
various gases a t  any time, for instance a t  equilibrium, will be related to  
each other and to r and c by Equations 7 

These relations (7) will be applied only to the mole fractions a t  equilibrium 
From Equations 4, 5 and 7, log K,, XN, XH and may be eliminated, 

ld Gillespie, J. Math. Phys., Mass. Inst. Tech., 4, 84 (1925). 
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giving an equation between r, x, c, 9 arid T, containing log K: which is a 
function of the temperature. From this equation the derivative dxldr 
a t  constant c, 9 and T may be found and put equal to  zero. This gives 
finally the following equation for the value of the initial ratio r for which x 
is a maximum a t  given values of c, p and T. 

For ideal gases the AO constants are zero, the last term of Equation 8 
vanishes. and we have 

Thus even for ideal gases the best initial ratio is not three when nitrogen 
cannot be added without adding argon; although of all equilibrium mix- 
tures containing the same mole fraction of argon, the one whose ratio Hz:N2 
is three contains the largest percentage of ammonia. 

For any chosen values of c, and T, Equation 8 may he solved for values 
of r and x which are also consistent with the mass action and stoichiometric 
requirements as expressed in Equations 3,4, 5 and 7. For this purpose an  
equation may be found of the form F = 0, by elimination of log KO and log 
K,* from Equation 4 by use of Equations 3 and 5. For any chosen value 
of r, a value of x may then be found by trial which will make the function F 
reduce to zero. Elimination of the mole fractions X N ,  XH and X A ~  is best 
made after calculation of their numerical values from Equations 7. 

The Present Calculations 

We have made calculations for the temperature 500°, a series of pressures, 
and an original mole fraction of argon in the nitrogen, c = 0.012. This is 
about the value of c when nitrogen is made from air and the argon not 
removed. The function to be reduced to zero is not so formidable as might 
be expected from the above, once TI and c have been assigned numerical 
values, and the numbers have been collected and combined. Thus a t  1000 
atmospheres the equation we had to solve was 
F = 0.7985342 + 0.064858982(xi~::~) + 0 . 1 0 7 8 9 8 7 0 [ ~ ( ~ i A ~ ! ~ ) ] ~  -I- 

subject to the relations (7). 
At each pressure the optimum value of r was calculated by Equation 8, 

using approximate values of the mole fractions, and then an equation such 
as (10) was solved for x a t  values of r adjacent to this approximate optimum 
value. Finally Equation 8 was used to confirm or to locate more precisely 
the optimum value. The final ratio re was also computed from the 
equation 
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The optimum values of r, the initial ratio H2:N2, and of re, the ratio a t  
equilibrium, are given in Table I. In Table I1 are given the percentages of 
ammonia in the equilibrium mixtures at  the optimum value of r qnd also 
for r = 3. In Table I11 are given the optimum ratios, and in Table IV the 
percentages, for the case that no argon is present. 

We have thought it of interest to calculate also the percentages a t  the 
initial ratios 2 and 4, and also to compare them with the yields that would 
be expected from the ordinary simple mass action law a t  the initial ratios 
2 and 4 from the percentages for r = 3 as given by our improved mass 
action law. Argon was assumed to be absent. 

The yields expected from the ordinary mass action law were obtained by 
solution of the equation 

F' = log p + log K, f 1/2 log XN + 3/2 log XH - log x = 0 (12) 

subject of course to the relations (7), when log Kp is the correct value of 
log K, found from Equations 4, 5 and 7 for c = 0 for the given temperature 
and pressure. 

TABLE I 
OPTIMUM RATIOS, INITIAL r AND FINAL Ye OF Hz: Nz, WHEN ARGON ACCOMPANIES THE 

NITROGEN (C = 0.012) AT VARIOUS PRESSURES AND AT 500' 

p (atm.).. . . .  0 100 300 600 1000 
r opt.. . . .  3.036 2.99 2.94 2.91 2.92 
re opt.. . . . . . . .  3.036 2.99 2.90 2.79 2.72 

MOLE PERCENTAGES OF AMMONIA IN EQUILIBRIUM MIXTURES AT VARIOUS PRESSURES 

AND AT 500 OAT OPTIMUM RATIO HZ.: N2 AND AT THE RATIO 3, WHEN ARGON ACCOMPANIES 

THE NITROGEN 

....... p (atm.) 0 100 300 600 1000 
ropt  . . . . . . . . . .  0 10.453 25.653 42.083 58.195 
r = 3  ......... 0 10.453 25.649 42.066 58.163 

TABLE I11 
OPTIMUM RATIOS, INITIAL Y and FINAL re AT VARIOUS PRESSURES AND AT 500' WHEN 

ARGON IS ABSENT 

p (atm.).. . . . . .  0 100 300 600 1000 
r opt.. . . . . . . . .  3 2.96 2.92 2.90 2.91 
re opt.. . . . . . . .  3 . 2.95 2.87 2.76 2.68 

TABLE IV 
MOLE PERCENTAGES OF AMMONIA IN EQUILIBRIUM MIXTURES AT VARIOUS PRESSURES 

AND AT 500' AT OPTMUM RATIO HZ: N2 AND AT THE RATIO 3, WHEN ARGON IS ABSENT 

. . . . . .  p (atm.). 0 100 300 600 1000 
ropt .......... 0 10.516 25.809 42.343 58.562 

......... r - 3  0 10.516 25.802 42.320 58.523 
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Table V gives a tabulation of the results of these computations as well as 
the final ratios re. 

TABLE V 
THE YIELD OF AMMONIA AT VARIOUS PRESSUFSS AND AT 500' AND AT INITIAL RATIOS 

HZ: Ns OP 2, 3 AND 4 BY THE IMPROVED MASS ACTION EQUATION, AND THE YIELD AT 

RATIOS OF 2 AND 4, AS CALCULATED FROM THE YIELD AT 3 BY THE ORDINARY MASS 

ACTION LAW 

Improvpd equation Ordinary mass law 
r 2 3 4 2 4 
P Calculated mole per cent. of ammonia in the equilibrium mixture 

100 10.137 10.516 10.304 10.111 10.321 
300 24.690 25.802 24.994 24.529 25.122 
600 39.962 42.320 40.174 39.585 40.591 

1000 54.020 58.523 53.578 53.551 64.430 

Values of re the final ratios H2: Na 
100 1.840 3 4.305 1 ,840 4.305 
300 1.577 3 5.000 1.581 5.008 
600 1.251 3 6.527 1.260 6.594 

1000 0.890 3 10.822 0.903 11.414 

Discussion of the Results 

Whether argon is present in the usual quantities or absent, the optimum 
initial value of the ratio H2:Nz passes through a minimum a t  about 600 
atmospheres, a t  which it  is only about 3% less than the value 3; but both 
the minimum and the smallness of the effect are due to the considerable 
change in the value of the ratio as a consequence of the extensive formation 
of ammonia at  the higher pressures. The optimum value of the ratio a t  
equilibrium passes through no minimum and reaches a value over 10% less 
than 3 at  1000 atmospheres. 

Although reasons were given above for supposing that the approximate 
equation used for the calculation should give good results, i t  would not 
necessarily follow that pressure derivatives of functions such as the opti- 
mum ratio would be furnished correctly, as the terms neglected in deriving 
the approximate equation would affect the pressure derivatives. Never- 
theless in calculations of the Joule-Thomson effect,14 similar approxima- 
tions were made and yet a correct slope was obtained of the curve for the 
inversion temperature vs. pressure. 

Whether argon is present or not, the maximum mole percentage of 
ammonia formed at  the optimum ratio exceeds the mole percentage formed 
at  r = 3 by less than 0.07% of this mole percentage even at 1000 atmos- 
pheres. Hence the optimum ratio may safely be taken as 3 for practical 
purposes, though in point of theory i t  must be regarded as less. 

This practical coincidence of the improved mass action law with the 
ordinary mass action law is, of course, due to the fact that the value of any 

'4 Beattie, Phys. Rev., 35,643 (1930). 
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function cannot change rapidly in the neighborhood of its maximum. 
From Table V it can be seen that if the ordinary mass action law be used to 
calculate the mole percentage of ammonia when r = 2 or 4, from the value 
given for r = 3, it will be found to  produce errors which are 0.87 and 1.59y0 
of the correct percentages, respectively, a t  1000 atmospheres. Though the 
pressure here is high, the variation of composition is rather small. 

Comparison of Tables I1 and IV shows that the yield a t  any pressure is 
better in the absence of argon. At 1000 atmospheres the improvement is 
about 0.63% of the yield. 

Theoretically, the optimum mixture from nitrogen which contains argon 
may be improved by adding pure nitrogen. The best initial ratio depends 
but very slightly on the argon content, being the same for mixtures contain- 
ing a constant initial mole fraction of argon equal to 0.003 as the figures 
listed in Table I11 for zero mole fraction of argon; but the effect on the 
yield of adding pure nitrogen in this way is small. 

Summary 
By means of an improved mass action equation, which had previously 

been found to represent the combined effects of variations of temperature 
and pressure together with such concomitant variations of composition 
as necessarily occurred in the displacement of equilibrium, calculations have 
been made of the effects on the yield of ammonia produced by systematic 
variation of the ratio of hydrogen to nitrogen. For the temperature 500' 
and for the pressures 100, 300, 600 and 1000 atmospheres, the optimum 
values of this ratio, both the initial values and the values a t  equilibrium, 
were found for pure hydrogen and nitrogen, as well as for pure hydrogen and 
atmospheric nitrogen from which the argon has not been removed. 

Except at low pressures, the optimum value of the ratio is less than 3. 
The optimum value of the initial ratio falls to 2.90 a t  600 atmospheres, 
and that of the final ratio a t  equilibrium to 2.68 a t  1000 atmospheres, when 
no argon is present. The corresponding figures are 2.91 and 2.72 when 
atmospheric nitrogen is used. 

The percentage of ammonia a t  the optimum ratio exceeds that a t  the 
ratio 3 by less than 0.1% of the percentage a t  3 in any case. 

The presence of argon is deleterious a t  any pressure. At 1000 atmos- 
pheres the yield when pure nitrogen is used is about 0.6% (of its value) 
greater than when atmospheric nitrogen is used. 

For the case of pure nitrogen, the yields of ammonia were also calc~ilated 
a t  the values 2, 3 and 4 a t  each pressure and a t  500°. For comparison, 
the ordinary mass action law was used to calculate the yield of ammonia a t  
each pressure and a t  the initial values 2 and 4 from the yield a t  the value 3, 
with errors which reached at 1000 atmospheres 1.5% of the yield a t  3. 

CAMBRIDGE, MASSACHUSETTS 
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[CONTRIBUTION PROM THE %ICE C ~ M I C A L  LABORATORY OF PRINCETON UNIVERSITY] 

THE DIRECT DETERMINATION OF SODIUM IN THE PRESENCE 
OF ALUMINUM AND CHROMIUM 

The possibility of determining small amounts of sodium in the presence 
of large amounts of aluminum and chromium is of special interest due to 
the difficulties involved in the accurate separation of sodium from these 
elements. When aluminum and chromium are precipitated in the usual 
manner as hydroxides with the subsequent determination of sodium in the 
filtrate the results are far from satisfactory even with careful manipulation. 
Other methods of separation have been proposed but these likewise leave 
much to be desired. Since a direct analytical method is always desirable 
for the estimation of small amounts of a given element, the following experi- 
ments were performed to determine whether or not the magnesium uranyl 
acetate method for sodium could be applied satisfactorily to this problem. 

General Procedure 

In the experiments with pure salts, known volumes of standard sodium 
solution were added to solutions of known amounts of aluminum and 
chromium salts and, after evaporation to small volume, the sodium present 
was determined by the direct magnesium uranyl acetate method for sodium 
previously described.' The technique given in the first paper in this series 
was followed except for the following variations which further experience 
with the method has shown to be advisable. Where sulfates are present, 
which was the usual case in these experiments, precipitates should first be 
washed with two or three 5-cc. portions of reagent in order to prevent any 
precipitation of metallic sulfates by the alcoholic washing ffuid. Experi- 
ment has shown that it is preferable to wash the sodium precipitate with a 
wash liquid prepared by freshly saturating 95% alcohol with the triple 
acetate precipitate rather than to wash with pure 95% alcohol and then 
apply a washing correction, since the latter varies with the amount of 
precipitate present and with the rapidity of washing. An important point 
to be noted is that the quantities of salts given in the original formula for the 
magnesium uranyl acetate reagent referred to the ordinary grades of 
uranyl acetate and magnesium acetate then obtainable on the market, the 
latter salt being in the form of so-called "dried" crystals containing less 
than the theoretical amount of water of hydration. This latter material 
has been found to differ in composition depending upon its source and since 
it has now been found possible to obtain clear crystallized magnesium 
acetate containing the theoretical percentage of water, it is preferable to 

Caley and Foulk, TIXIS JOURNAL, 51, 1664 (1929). 
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use this salt in the preparation of the reagent. Based on the employment 
of salts containing the theoretical percentage of water of hydration the 
formula of the reagent has been modified to  read as follows. 

SOLUTION A SOLUTION B 
Uranyl acetate (2H20) 90 g. Magnesium acetate (4Hz0) 600 g. 
Glacial acetic acid 60 g. Glacial acetic acid 60 g. 
Water to 1000 cc. Water to 1000 cc. 

Prepared on this basis more uniform and satisfactory results are obtained. 

Materials 

Standard Sodium Chloride Solution.-This solution, used as the basis of the experi- 
ments, was made by dissolving 2.5418 g. of the purified and carefully dried salt in 
water and making the solution up to one liter. Each cubic centimeter of this solution 
contained 0.0010 g. of sodium. 

Aluminum Sulfate.--Since it was not found possible to obtain a sample of this salt 
that  did not contain appreciable quantities of sodium, the material had to be especially 
prepared. For this purpose a quantity of U. S. Bureau of Standards melting point 
aluminum was dissolved in dilute sulfuric acid and Alz(SOJ3.18HtO was crystallized 
from this solution and dried in the usual way. The salt thus prepared gave no flame 
test for sodium. 

Aluminum Chloride.-There was used an exceptionally pure commercial material 
that  contained no sodium as determined by the flame test. 

Chromium Sulfate.-Kahlbaum's Cr&30Ss.5H20 was used. The sample employed 
contained a slight amount of sodium as determined by the flame test and by blank de- 
terminations, but the blank was sufficiently small to permit the use of the material in 
these experiments. The chromium content of the salt was checked and it was found to 
correspond nearly to the value required by theory. 

Ammonium Sulfate.-For experiments on the effect of ammonium salts on the 
determination of sodium in sulfate solution there w:ts used a sample of "c. P." salt that 
gave no flame test for sodium. 

The Determination of Sodium in the Presence of Aluminum.-In the 
experiments shown in Table I the calculated amount of pure aluminum 
sulfate was added to the measured volume of standard sodium solution and 
the resulting solution was brought to a volume of from five to  six cubic 
centimeters. The reagent was then added and the determination made in 
the usual way. In cases where 0.500 g. of aluminum was present, i t  was 
found necessary to add the reagent to the hot solution for salts separated on 
cooling due to their high concentration, but since the mixture was rapidly 
brought to  the temperature for precipitation this variation did not affect the 
determinations. A similar set of experiments made with aluminum 
chloride gave like results. In neither case was i t  found that the presence 
of the aluminum salts resulted in the separation of any undesirable phase or 
otherwise influenced the practical accuracy of the sodium determinations, 
although duplicate values as shown by the weights of precipitates failed to 
agree as well as similar determinations made with sodium present alone. 
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TABLE I 

DIRECT DETERMINATION OF SODIUM IN THB: PRESENCE OF ALUMINUM IN SULFATE 
SOLUTIONS 

Aluminum Volume of Weight of Sodium Sodium 
present, reagent, precipitate, present, found, Difference, 

g. cc. g. g. g. g. 

0.500 250 1.6576 0.0250 0.0264 +O. 0004 
.500 200 1.6464 .0250 ' .0252 + .0002 
.200 250 1.6526 .0250 .0253 4- .OW3 
.200 250 1.6304 .0250 .0249 - .0001 

.500 125 0.6631 .0100 .0101 + .OOOl 

.500 125 ,6541 .0100 .0100 . 0000 

.200 125 .6577 .0100 .0100 .OOOO 

.200 125 .6500 ,0100 .0099 - .0001 

.500 50 ,0657 .0010 .0010 .OOOO 

.500 50 .0659 .0010 .0010 . 0000 
,200 25 .0550 .0010 .0008 - .0002 
.200 25" .0645 .0010 .0010 . 0000 
.200 25" .0669 .0010 ,0010 .OW0 

.500 100 Noppt. None None ...... 
" In these two samples the solutions were evaporated to a volume of 3 cc. before 

adding the reagent. 

The Determination of Sodium in the Presence of Chromium.-The 
results from a similar series of experiments in which chromium was present 
are shown in Table 11. Since the chromium sulfate used did contain a 
small percentage of sodium (0.026% as determined by averaging a series of 
closely agreeing blank experiments) a corresponding correction was made 

TABLE I1 

DIRECT DETERMINATION OF SODIUM IN THE PRESENCE OR CHROMIUM IN SULFATE 
SOLUTIONS 

Chromium Volume of Corr. wt. of Sodium Sodium 
present, reagent, precipitate," present, found, Difference, 

g.  CC. g .  g. g. g.  

0.500 250 1.6301 0.0250 0.0249 -0.0001 
.500 250 1.6362 .0250 .0250 . 0000 
.200 250 1.6438 ,0250 .0252 + .0002 
.200 250 1.6331 .0250 .0250 .OOOO 

.500 125 0.6544 .0100 .0100 . 0000 

.500 125 .6538 .0100 ,0100 . 0000 

.200 125 .6613 .0100 .0101 + .OOOl 

.200 125 .6591 ,0100 .0101 + .OOOl 

.500 25 .OX8 .0010 .0008 - .0002 

.500 25 .0552 .0010 .0008 - .0002 

.200 25' .0609 .0010 .0009 - .0001 

.200 25b .0624 .0010 .0010 . 0000 

a Blank of 0.0387 g. deducted from weight of each precipitate when 0.500 g. of chro- 
mium was present and blank of 0.0155 deducted when 0.200 g. of chromium was present. 
* In these two samples the solutions were evaporated to 3 cc. before adding reagent. 
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in the determined weight of each precipitate, a procedure justified by the 
resulting consistency of the values thus obtained and by the fact that in 
separate experiments solutions of chromium salts free from sodium gave no 
precipitate with the reagent. The results show that chromium, in sulfate 
solution a t  least, does not affect the practical accuracy of the direct sodium 
determination. 

The  Influence of Ammonium Salts in Sulfate Solutions.-Since am- 
monium salts are liable to be present in actual determinations, it was 
thought advisable to determine the effect of rather high concentrations of 
ammonium salts, especially in sulfate solutions, this usually being the case 
in direct sodium determinations involving aluminum or chromium. It was 
found that moderate to high concentrations of both sulfate and ammonium 
sometimes resulted in the precipitation of the phase (NH4)2S04-MgS04.6- 
H20 along with the triple acetate precipitate. Experiments on this point 
(Table 111) showed that such concentrations of ammonium and sulfate as 
can ordinarily be present in 5 cc. of test solution do not result in the precipi- 

INTERFERENCE OF AMMONIA SALTS WITH SODIUM DETERMINATIONS IN SULFATE SOLUTION 

Kev to 
arnotcnt and 

Aluminum Chromium Ammonium Sulfate Volume of Sodium composition 
present, present, present, present, reagent, present, of 

g. g. g. g. CC. g. precipitate' 

0.200 None 0,500 2.400 25 Nooe I1 
.200 None .500 2.400 50 None I11 
.200 None .500 2.400 100 0,0100 IV 

.200 None 1.000 3.731 25 None I 

.200 None 1.000 3.731 50 None I1 

.200 None 1.000 3.731 100 None 111 

.200 None 1.000 3.731 100 0.0100 IV 

,500 None 1.000 5.334 25 None I 
.500 None 1.000 5.334 50 None I1 
.500 None 1.000 5.334 100 None I11 

None 0.200 1.000 3.217 25 None I 
None .200 1.000 3.217 50 None I11 
None .200 1 .OOO 3.217 100 None 111 
None .200 0.500 1.885 100 0.0100 IV 
None .200 1.000 3.217 100 .0100 IV 
None .500 0.500 2.717 25 None I11 
None .500 .500 2.717 100 None I11 
None .500 1.000 4.048 25 None I 
None .500 1.000 4.048 50 None I1 
None .500 1.000 4.048 100 None I11 

" I. Heavy precipitate of (NH~)2S04.MgS04.6H20. 11. Slight precipitate of 
(NH4)2SO~MgSOc6H~0. 111. No precipitate. IV. Pure precipitate of sodium 
magnesium uranyl triacetate giving quantitative results for the amount of sodium 
present. 
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tation of this undesirable phase providing a sufficient volume of reagent 
is used. The precipitation of this double salt is, of course, not peculiar to  
sulfate solutions containing aluminum and chromium but is a general effect 
governed by the concentration of magnesium, ammonium and sulfate in the 
solution obtained by mixing test solution and reagent. In  general this 
source of error may be avoided safely by keeping the ammonium salt con- 
centration down to a minimum and using an ample volume of reagent when 
making direct sodium determinations in sulfate solution. When working 
with sulfate solutions containing aluminum or chromium it is desirable on 
another account to keep the ammonium concentration down to  a minimum 
since the ammonium alums are difficult to keep in solution when evaporat- 
ing to the small volume required by this procedure for sodium. In working 
with chloride solutions containing aluminum or chromium no particular 
precautions need be taken in regard to the ammonium salt concentration. 

Applications.-In addition to the experiments detailed above, a num- 
ber of determinations of sodium have been made in commercial samples 
containing aluminum or chromium, including metallic aluminum, miner- 
als and salts. Satisfactory results have been obtained in these cases, 
showing that the direct method for sodium may be safely applied to  a 
diversity of materials containing these elements. 

Summary 

1. It has been shown that the direct magnesium uranyl acetate 
method for sodium is applicable in the presence of aluminum and chro- 
mium. 

2. The undesirability of having a high concentration of ammonium 
salts when making direct sodium determinations in sulfate solution has 
been pointed out. 

PRINCETON, NEW JERSEY 
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THE MELTING CURVE OF SODITJM CHLORIDE DIHYDRATE. 
AN EXPERIMENTAL STUDY OF AN INCONGRUENT 

MELTING AT PRESSURES UP TO TWELVE 
THOUSAND ATMOSPHERES 

Under atmospheric pressure sodium chloride dihydrate melts incon- 
gruently a t  O.lO, forming solid sodium chloride and a saturated solution of 
that salt. Below this temperature the dihydrate is the stable solid phase 
in contact with a saturated solution of sodium chloride, although it exhibits 
such reluctance to appear that special methods are necessary to  bring about 
its formation. A study of the system NaC1-H20, a t  25' and under high 
pressure, which is being undertaken by one of us, required an answer to the 
question-at what pressures, if any, is NaC1-2Hz0 the stable phase a t  25O, 
a question which could best be answered by a determination of the influence 
of pressure on the melting point of the dihydrate. 

A detailed study of this problem was also of interest as an example of the 
course of the melting curves of substances melting with decomposition. 
Although such substances are numerous, only a few such as NazS04.10Hz0, 
Cd(NO~)2.4H10,~ Ca(NOn)~.4Hr0,~ CaC12.CiH:Q3 have been ewmined under 
pressure and none under pressures greater than 3 ki1oba1-s.~ In the case of 
Na~S04-10HzO there is a maximum on the melting curve in the neighbor- 
hood of 500 bars, but in other cases no maxima were realized experi- 
mentally. 

In  this paper we shall give an account of the experimental determination 
of the following data about the transition point of sodium chloride di- 
hydrate: the volume change a t  atmospheric pressure; the temperature of 
the transition point up to pressures of about 12 kilobars; and the volume 
changes which accompany the inversion a t  these pressures. We shall also 
calculate the heat of transition both from the melting curve under pressure 
and from the solubility curves a t  atmospheric pressure. 

Experimental 
Sodium chloride dihydrate, as has been mentioned, exhibits great re- 

luctance to  crystallize from solution, but, following a suggestion of Meyer- 
G .  Tammann, Z. physik. Chem., 46, 818 (1903); E. A. Block, ibid., 82, 429 

(1913). 
"uschin, J .  Russ. Phys.-Chem. Soc., 37, 382 (1905); M. Hasselblatt, 2. anoug. 

allgem. Chem., 119, 320 (1922). 
8 Tammann, "Kristallisieren und Schmelzen," Leipzig, 1903. 
4 1 bar = 10% dynes per sq. cm.; 1 kiiobar = lo3 bars (approx. 1000 atmospheres). 

See Adams and Gibson, J. Wash. Amd. Sci., 20, 213 (1930). 
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hoffer and Saunder~,~ we found that it was possible to  prepare the pure 
hydrate easily and in any desired quantity by cooling a solution of sodium 
chloride, saturated at room temperature, to below -5' and throwing on 
the surface of the solution a small amount of carbon dioxide snow. Im- 
mediately a cloud of fine crystals of the dihydrate appeared in solution. 
Below -5' the solubility of sodium chloride is much greater than that of 
NaCl.2Hz0, so that introduction of solid sodium chloride into the cold bath 
of dihydrate crystals results in immediate solution of anhydrous salt and 
precipitation of more dihydrate. 

The mother liquor was removed from the crystals by decantation and 
suction through a chilled filter. 

Change in Volume Accompanying the Melting of NaC1.2H20 at One 
Atmosphere.-It was difficult to dry the dihydrate completely; hence 
the dilatometer (a glass one of the usual kind) was filled with the moist 
salt. Any air was carefully pumped out and xylene introduced as index 
liquid. During all these operations the temperature of the salt was kept 
below 0'. When filled and sealed up the dilatometer was immersed in a 
cold bath and the heights of the meniscus of the xylene in the capillary a t  
different temperatures were read. The changes in height of the meniscus, 
corrected for temperature of the capillary and irregularities in the bore, 
were converted to volume changes and plotted against temperature. 
From the curve was read the increase in volume accompanying the de- 
composition at O.lO, which is the mean of the inversion temperatures as 
given in the literature (0.15') and as determined by us (0.05O). 

After each experiment the amounts of anhydrous sodium chloride and 
water contained in the dilatometer were determined, and hence with the 
knowledge of the solubility of sodium chloride at the inversion point 
we could calculate the actual amount of solid NaC1.2H20 whose volume 
change on melting was measured. 

If A is the weight of salt and water andB the weight of salt in the dilatome- 
ter, x2 and xo the weight fractions of sodium chloride in the saturated 
solution and the solid dihydrate, respectively, at  0°, and mz the unknown 
weight of solid dihydrate before inversion, we find that 

x* was taken from the data of Berkeley6 as 0.2633 and xo is 0.6187. Two 
experiments were performed, mz being 9.628 g. in the first and 8.846 in the 
second. 

The results gave 0.0362 and 0.0377, or an average of 0.037 cc./g. of 
NaC1.2H20 as the increase in volume accompanying the transition, NaCI-- 
2H20 + NaCl + Satd. Soln. at 0.1'. By taking Berkeley's value, 1.2090, 

Meyerhoffer and Saundcrs, 2. physik. Chem., 31,381 (1899). 
Berkeley, Phil. Trans., 203, 189 (1904). 
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for the density of a saturated salt solution a t  0°, and the density of sodium 
chloride as 2.16SI7 we calculated that the density of NaC1.2HrO a t  O0 is 
1.630 g. per ml. 

A few qualitative observations on the speed of the reaction may be noted 
here. The reaction did not proceed a t  any appreciable rate until the 
temperature was 1-2O above the inversion point, and even then the rate 
was slow. I t  required over an hour for the reaction to go to completion a t  
a temperature of 4'. At constant temperature the reaction accelerated as 
more and more anhydrous salt was formed, reaching a maximum speed 
when about half the material had inverted. 

The Effect of Pressure on the Transition Point. (a) Low-Pressure 
Experiments.-In order to examine the initial portion of the k t  curve 
of the melting of NaC1.2Hz0, a sample of the hydrate was enclosed in the 
bomb of the pressure dilatometer apparatus whose description has already 
been published in detail.8 

The bomb was immersed in a low-temperature bath, a suitable pressure 
generated, and the system, bomb and pressure gage tightly closed. The 
criterion of the inversion proceeding in any direction was steady change of 
pressure a t  constant temperature. At first the temperature of the bath 
was raised to a point where rise of pressure indicated that the hydrate was 
decomposing. The temperature was then lowered to a point where 
falling pressure showed that re-formation of hydrate was taking place. 
After that the temperature was raised by short intervals, the trend of the 
pressure change being carefully observed until i t  was possible to  shut the 
equilibrium temperature within limits of ~ 0 . 2 5 ~ .  The results are given 
in Table I. In this way the points a t  180, 270, 550 and 850 bars on the 
curve in Fig. 2 were obtained. These points established the initial slope 
of the p-t curve for NaC1.2Hz0 to our satisfaction. 

TABLE I 
MELTING POINTS OF NaC1.2H20 AT LOW PRESSURES 

Tepp., Pressure, Unceztainty, 
Expt. C. bars C. 

DW447 0.05 1 *0.05 
DW445 1.0 180 * . I  
DW425 2 .0  270 * . 1  
DW439 3 .6  535 * .2 
DW429 3.7 570 * -25 
DW431 5.4 830 * .2 
D W435 5.4 855 * ,2  

(b) High-Pressure Experiments.-Determination of points on the 
melting curve of NaC1.2HzO at  high pressures required a different experi- 
mental technique. The high-pressure apparatus used in this Laboratory 

DeFoe and Compton, Phys. Rev., [2] 25, 618 (1925). 
Kracek and Gibson, J, Phys. Chem., 34, 190 (1930). 
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has already been des~ribed.~ It consists essentially of a very heavy-walled 
steel cylinder or bomb in which the system under investigation is immersed 
in n-butyl ether, a liquid selected because of its high freezing pressure. 
A special type of leak-proof piston is forced into the open end of the cylin- 
der and hydrostatic pressure generated in the butyl ether. The pressure 
is measured by an electrical resistance gage. 

The apparatus is large and, although protected 
from minor temperature variations by an insulat- 
ing housing, is approximately a t  the temperature 
of the room. The apparatus could be held con- 
stant for a day a t  temperatures between 17 and 
2 6 O ,  and by following a special procedure it was 
possible to determine the equilibrium pressures 
a t  these temperatures. A glass tube (see Fig. 1) 
was filled with slightly moist dihydrate, placed 
in a somewhat larger steel tube filled with butyl 
ether and kept for half an hour in a eutectic mix- 
ture of chloroform and carbon dioxide (approx. 
-SO0) .  The tubes and their contents were intro- 
duced into the bomb and the pressure was raised 
as expeditiously as possible to the highest value. 
Five minutes elapsed between the removal of 
the capsules from the freezing mixture and the 
pressure on the dihydrate exceeding 7 kilobars. 
From auxiliary experiments at  atmospheric 
pressure it was found that very little inversion Fig. of 

the material for the high- 
of the salt would take place during the interval experiments. 
required for raising the pressure. A series of 
readings of pressure and piston displacement was taken when the apparatus 
came to temperature equilibrium. Rise or fall of pressure, temperature 
and piston displacement being constant, indicated decomposition or forma- 

TABLE I1 
MELTING POINTS OF NaCl.2H20 AT HIGH PRESSURES 

Expt. Temp., OC. Pressure, bars Uncertainty, bars 

AP503 17.15 3620 * 20 
AP505 21.21 5190 * 25 
AP513a 23.77 6740 * 50 
AP517 23.79 6731 * 50 
AP498 24.30 7220 * 50 
AP513b 24.66 7500 * 40 
AP513c 25.17 8250 * 100 
AP525 25.10 11800 *250 

9 (a) Adams, Williamson and Johnston, THIS JOURNAL, 41, 12 (1919); (b) Adams 
and Gibson, Proc. Nut. Acad. Sci., 15, 713 (1929). 
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tion of the dihydrate and by prolonged observation we were able a t  tem- 
peratures up to 25' to estimate the inversion pressure to within the limits 
of error given in Col. 4 of Table 11. It was also possible to make reliable 
estimates of the change in volume on inversion a t  these higher pressures. 
The results are recorded in Table I1 and the complete melting curve is 
illustrated in Fig. 2. 

Fig. 2.-The iduence of pressure on the incongruent melting 
of NaC1.2H20. 

Change in Volume at Higher Pressures.-At higher pressures the 
volume change on inversion, Av, which is proportional to the slope of the 
p-t curve, becomes very small. Even with the volume of the system under 
pressure reduced to a minimum, we had difficulty in fixing the inversion 
pressure and temperature a t  the higher pressures, and, indeed, it was almost 
impossible to obtain results by direct measurement between 8 and 11 
kilobars. As one of the most interesting features of this work was the 
investigation of the possibility of a maximum on the melting curve, we 
decided to measure as accurately as possible the difference between the 
specific volume of NaC1.2HzO and its decomposition products a t  pressures 
up to 12,000 bars. The maximum on the melting curve would occur a t  
the pressure where Av is zero. Two methods were used to estimate Av. 
Method 1 consisted of determining the rise in pressure a t  constant voluine 
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or the increase in volume at constant pressure by direct observations near 
the actual inversion point a t  any temperature. Results were obtained in 
this way below 8 kilobars and are given in the secoild column of Table 111. 
Method 2, being rather novel and depending on the fact that a mixture of 
sodium chloride and its saturated solution will remain in a metastable state 
several thousands of bars above the inversion point, will now be discussed 
in some detail. The piston displacements for a given amount of dihydrate 
at  pressures from 6 to 12 kilobars were compared with the piston displace- 
ments for the decomposition products of the same sample of dihydrate 
(sodium chloride and saturated solution) at the same pressures obtained a t  
the same temperature in such a way that errors due to hysteresis in the 
bomb were reduced to a minimum. The procedure may be illustrated by 
an example. A quantity of NaC1-2H20 was placed in the bomb a t  23.3O. 
The pressure was raised to exactly 12,400 bars and then reduced to 30 bars 
below 12,000 bars. A pause was made for temperature readjustment, and 
then the pressure was raised to as near 12,000 bars as possible. A reading 
of the piston displacement was taken. Similar observations of displace- 
ment and pressure at  intervals of 1000 bars were made down to 7000 bars. 
The pressure was now lowered to 5700 bars, which is 500 bars below the 
inversion pressure at 23.3O. Readings were noted and a rise of pressure 
which was allowed to go on only for a short time indicated that NaC1.2Hz0 
was decomposing. The pressure was again raised to 12,400 bars and a 
second series of measurements was taken. The first run was made merely 
to put the apparatus through a definite hysteresis cycle. At the end of the 
second series the inversion was allowed to go to completion. Incidentally 
the rise of pressure at constant piston displacement gave a measure of 
Av at 5700 bars. 

After the reaction was entirely finished the pressure was again raised to 
12,400 bars and a third series of pressures and piston displacements was 
observed. 

This was followed by a fourth series of observations made in exactly the 
same -way. By noting the differences between two successive runs made 
with the material in the bomb in the same state of aggregation we were 
able to make corrections for the small systematic difference between two 
successive series. The differences between the corrected piston displace- 
ments before and after the inversion when multiplied by the cross section 
area of the hole in the bomb and divided by the weight of dihydrate used 
gave the approximate change in volume per gram accompanying the in- 
version a t  pressures from 6 to 12 kilobars. Three experiments were made 
at temperatures of 23.3, 23.7 and 24". In each case an additional value of 
Av at 6000 bars was obtained by observation of the total rise in pressure 
during the inversion. In the experiments at 23.3 and 23.7O uncertainty 
arose as to the exact amount of dihydrate in the bomb. The results were 
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calculated in such a way that the values of Av a t  7000 bars were made 
equal to  that obtained in the experiment a t  24'. All the results on volume 
changes are recorded in Table 111. 

Av, cc . /g . ,  
Method 2 

Pressure, Aer, cc. /g. ,  _-_-_I___A_-_____ 

bars Method 1 1 2 3 

Discussion of Results 
Interpolation Formulas.-Two cubic equations 

t = 7.047p - 0.7655p2 + 0.035244p3 (1)  
t = 0.06 + 6.512p - 0.5529p2 + 0.06056p3 (2)  

were found to express the melting temperature as a function of pressure. 
The temperature, t, is expressed in degrees centigrade and the pressure, #, 
is in kilobars. Equation 1 being passed through the points a t  lower pres- 
sures gives more accurately the initial slope of the pressure-temperature 
curve, but it does not represent the data very well above 4.5 kilobars. 
Equation 2, we consider, expresses the results accurately between 4 and 8 
kilobars. Indeed, it applies very well to atmospheric pressure, which is 
surprising when it is mentioned that the lowest point used in computing 
this equation was that a t  17.15' and 3.620 kilobars. 

In  Fig. 2 the circles represent the observed points, the crosses, points 
calculated from Equation 1, and the triangles, points calculated from 
Equation 2. Both equations are purely interpolation formulas and are 
not suited for extrapolation. 

Maximum on Melting Curve.-From direct observations of melting 
we can say definitely that a t  8000 bars sodium chloride dihydrate becomes 
the stable phase in contact with a saturated solution a t  25'. The question 
as  to  whether the melting curve passes through a maximum and whether at 
some higher pressure sodium chloride is again stable a t  25' may be an- 
swered from considerations of the volume changes. In Fig. 3 we have 
plotted points representing Av per gram at  different pressures as measured 
by our first method (triangles), and as determined by the second method 
(circles). The two series are fairly consistent, although the second method 
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appears to give values which are somewhat lower than those given by the 
first. The curve passed through these points cuts the pressure axis at 
9500 bars, showing that the melting curve passes through a inaximum a t  
this pressure. It should be mentioned that the values of Av a t  the higher 
pressures are calculated on the assumption that the effect of temperature on 
the change in volume during the inversion is negligible when compared 
with the effect of pressure. 

0 2 4 fi 8 10 12 14 
Pressure in kilobars. 

Fig. 3.-Volume change accompanying the mclting of 1 g. of 
NaC1.2Hz9 a t  various pressures. Above 9500 bars the volume 
change is negative. 

Confirmation of the maximum on the melting curve was obtained by 
direct observation of the decomposition of NaC1.2Hz0 a t  12,500 bars and 
25.1'. The pressure on the sample was first raised to 12,500 bars and 
dropped to 10,000 bars, where it was held until equilibrium was established. 
The pressure was then raised by steps of 500 bars and a t  each pause was 
carefully watched and its trend noted. Below 12,000 bars and above 10,- 
000 bars the creep of pressure after the primary rise was always upward- 
there was no tendency to  fall. This phenomenon will be referred t o  later. 
At 12,000 bars the pressure drifted down slowly but steadily and in the 
course of four hours dropped 80 bars. That this drop was due t o  the de- 
composition of NaCI-2H20 was shown when the pressure was finally lowered 
to  7000 bars (1000 bars below the low-pressure equilibrium value a t  25') 
and the total rise a t  constant volume was about one-third that  which would 
be obtained from the particular sample of uninverted dihydrate. As the 
pressure rose a t  constant volume at 11,500 bars, we were able to  place the 
pressure coijrdinate of the melting curve at 25.1' between 11,500 and 12,000 
bars. 
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The Compressibiliq of NaC1-2H20.-The volume of sodium chloride 
a t  any pressure is known from compressibility measurementslga and recently 
the specific volumes of saturated sodium chloride solutions have been 
determined to 12 kilobars.1° As we have measured around 2 5 O  the differ- 
ences in volume between NaC1.2H20 and its decomposition products, i t  is 
possible to calculate the specific volume of the hydrate a t  pressures be- 
tween 6 and 12 kilobars. I t  is assumed that the solubility of sodium 
chloride is not greatly altered by pressure in this range. The results are 
recorded in Fig. 4 where va, the specific volume, is plotted against the 
pressure. The slope of this curve, when divided by the specific volume of 
NaC1-2Hz0 at ordinary pressure, gives the fractional decrease in volume 
per bar increase of pressure, or the compressibility 0. The average value 
of p between 6 and 12 kilobars is 4.8 X 104 reciprocal bars. This may be 
compared with 3.6 X the value of 0 for sodium chloride at  9 kilobars. 

Pressure in kilobars. 
Fig. 4.-The specific volume of NaCl.2Hz0 as a function 

of pressure. 

Heat of Inversion from the Melting Curve.-The initial slope of the 
melting curve is shown by Equation 1 to be 7.05O per kilobar. The volume 
change a t  atmospheric pressure is 0.037 cc. per gram of NaCl.2Ht0, and 
hence by the Clausius-Clapeyron equation the heat of fusion per gram, Ah, 
is 34.4 cal. In the same way, obtaining Av from the curve in Fig. 3 and 
dt/dl, from Equation 2, we find that at  5 and 7 kilobars Ah is 36.4 and 33.1, 
respectively. The heat of fusion is not greatly influenced by pressure-a 
fact which is in accord with Bridgman's" observations on various materials. 

lo Adams, unpublished data. 
fl Bridgman, Phys. Rev., 3, 190 (1914). 
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pressure change will be the sum of two 
effects: (1) the effect due to cooling and 1 / 

Secondary Increase of Pressure.--On all occasions when a charge of 
dihydrate was held a t  a pressure and temperature in the vicinity of the 
maximum on the melting curve a very curious phenomenon was observed. 
The pressure had been raised to somewhat above 10,000 bars, and, contrary 
to what was expected, i t  continued to drift slowly uperard for an hour or 
more, the total increase of pressure being as much as 20 bars. The normal 
behavior of a system the pressure of which has just been increased is, of 
course, to show a t  first a small decrease of pressure-even in a pressure- 
tight apparatus. The immediate cause of this decrease may be the cooling 
subsequent to the heating by compression, or, in a multi-phase system, the 
transformation of one phase to another in accordance with the conditions 
of equilibrium. Similarly, a decrease of pressure is usually followed by a 
secondary increase. In the simple case of a mixture of solid and liquid in 
equilibrium an increase of pressure causes the production of more solid 
(in rare instances more liquid), and since this is accompanied by a decrease 
of volume, the pressure falls, finally coming back, if the primary increase is 
not too great and the substance is a pure material, exactly to  the origjnal 
pressure. 

The abnormal behavior of the sodium chloride dihydrate, which a t  first 
seemed very puzzling, may be explained as follows. Suppose that a mixture 
of the dihydrate and its decomposition 
products is held a t  a temperature and 
pressure corresponding to the point 0 in 1 

(2) the effect due to transformation I 

Fig. 5, and that the pressure on the sys- 
tem is suddenly increased. The tem- 
perature will increase with the pressure, 
approximately isentropically, as shown 
by the dotted line. The material will 
then begin to cool, and the secondary 

from one form to the other. In the 
Fig. 5.-Diagram to accompany 

present case the problem is much sim- explanation of secondary increase of 
plified because the inversion takes place 

vo/ome 

relatively slowly so that during the 
time required for the temperature to return to its original value (about 
five minutes) very little of the material has changed its state. On the 
diagram, therefore, the temperature and pressure reach the point a while 
there is still present a mixture of the dihydrate and its decomposition 
products. Since a t  this point dihydrate is the stable phase, solution and 
salt will react to form dihydrate, which under the given conditions has 
the smaller volume, and hence the pressure will fall. Suppose, on the 
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other hand, that starting again with a mixture at  0, the pressure is sud- 
denly increased, attaining at  the same temperature the pressure indicated 
by b. Here, as before, dihydrate is the stable phase, and more will be 
formed, but the pressure being now beyond the maximum, the dihydrate 
occupies more volume and the pressure therefore will rise. A secondary 
increase of pressure has been discussed by Tammannl2 in connection with 
the existence of maximum melting points, but Bridgman in a careful 
analysis of the problem points out that the conditions of equilibrium in a 
system make it impossible for Tamrnann's secondary increase of pressure 
to  occur. According to Bridgman,Ia in a system composed of phases in 
equilibrium, and each in condition of internal stability, thermodynamical 
considerations require that the secondary pressure reaction be a decrease 
rather than an increase. That this result, however, does not contradict the 
opposite conclusion obtained as above from elementary principles becomes 
apparent when we recall that Bridgrnan's equation is valid only for 
infinitesimal changes and is not necessarily applicable to the jinite changes 
here under discussion. It is only because we have increased the pressure a 
considerable distance beyond the equilibrium curve and into that part of 
the field which lies beyond the maximum that the secondary increase of 
pressure occurs. Expressed in other terms: we are here dealing with a non- 
equilibrium process, whereas the thermodynamical equations refer only to 
equilibrium states and their immediate vicinity. I t  should be noted that 
the above considerations apply equally well to the melting curve of a 
substance which does not decompose a t  its melting point. 

Heat of Inversion from the Solubility Curves.-No direct measure- 
ments of the latent heat of the incongruent melting of NaC1.2HzO are 
available but it is possible to calculate this heat of inversion from solubility 
measurements of sodium chloride in water and from the known values of the 
chemical potential of sodium chloride in aqueous solution. The relation is 

Here Ah is the heat absorbed, when one gram of NaC1.2H20 inverts to a 
mixture of sodium chloride and saturated solution of sodium chloride in 
water, T is the absolute temperature, xo is weight fraction of sodium chloride 
in NaC1.2Hz0, x2 is the weight fraction of sodium chloride in the saturated 
solution which is in equilibrium with sodium chloride and NaC1-2Hz0, b3 
is the slope dxz/dT of the solubility curve for NaC1-2Hz0 as the solid phase, 
bz is dxz/dT for the solubility curve with sodium chloride as the solid phase, 
and w is the chemical potential of Gibbs (or partial free energy of Lewis) 
referred to one gram of sodium chloride in solution.14 In the expression 

1% G. Tammann, ''Kristallisieren und Schmelzen," p. 87. 
13 P. W. Bridgman, Phys. Rev., 3, 192 (1914). 
1 4  If it is desired to express the above equation in terms of activity and mole frac- 
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bpzibxz the temperature is constant. The derivation of the equation will be 
given in another paper from this Laboratory. 

From a careful plot of the solubility data of sodium chloride in water as 
given in the "International Critical Tables," bs is found to be 0.00138 and 
ba 0.00001. The solubility of sodium chloride, x2, at the inversion point is 
0.263, and xo is 0.619. The absolute temperature of the inversion, TI, is 
273.2', and the value of b,uz/bxz, as determined from freezing point, e. m. f . , 
solubility and vapor-pressure data, and corrected to t = 0.1", is taken as 
165 calories. Substituting these numerical quantities in Equation 3 we 
have 

Ah = 30 cal. 

for the heat absorbed by the incongruent melting of one g. of NaC1.2HzO. 
This result is to be compared with 34 cal., the value obtained from the 

initial slope of the P I  curve and the volume change a t  P = 1. The agree- 
ment is none too close, but considering the complexity of the calculation, 
and the large variety of data involved, it is an interesting confirmation. 
Probably about equal weight should be given to the value of Ah obtained 
from the solubility curve and that derived from the initial slope of the 
melting curve. 

Summary 

The temperature of the incongruent melting of NaC1.2H20 has been 
determined up to 12,000 bars (or c. g. s. atmospheres) by direct measurement 
and also indirectly from measurements of the volume changes. The 
melting curve starts at  0.1' at  atmospheric pressure with an initial slope of 
7.05' per kilobar. The slope decreases rapidly with increasing pressure, 
finally becoming zero, so that the curve passes through a maximum a t  
9500 bars and 25.8'. 

The volume change was measured at one bar in a dilatometer, and a t  
various pressures up to 12,000 bars by two different methods. From the 
volume change and slope of the melting curve the heat of fusion a t  several 
pressures was calculated. The density of NaC1.2Hz0 a t  O.1° and one bar 
tions, this can be done by making use of the relation dF2 = MzdMz = R T  d In az a t  
constant temperature, in which F 2  is the partial molal free energy, MZ the formula 
weight, & the activity of component 2, and R is the gas constant. The transformed 
equation is 

in which A R  is the heat observed when one mole of NaC1.2Hz0 inverts, Xz is the mole 
fraction of sodium chloride in the equilibrium solution, X, is the mole fraction of sodium 
chloride in NaC1.2Hz0, Bp and Bz are the values of dX,/dt along the NaC1.2H20 and 
sodium chloride curves, respectively, and is the activity of sodium chloride in solu- 
tion. Moreover, the activity coefficient y may be used in place of az by making the 
substitution, d In az/dXz = r d In (mr)/dX2, v being the number of ions into which 
one molecule of the solute is assumed to dissociate. 
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was found to be 1.630, and its mean compressibility between 6000 and 12,- 
000 bars a t  about 22O, 4.8 X per bar. A method for calculating the 
heat of fusion from solubility data gives a value which is in fair agreement 
with that determined from the initial slope of the melting curve, the aver- 
age value being 32 cal. per g. of NaC1.2HzO. 

A secondary pressure increase, that is, a continued rise of pressure follow- 
ing a sudden increase, was observed a t  pressures near the maximum on the 
curve, and an explanation is given for this phenomenon. 

WASHINGTON, D. C. 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE UNIVERSITY OF ILLINOIS] 

THE SEPARATION OF YTTERBIUM BY ELECTROLYTIC 
REDUCTION. 

OBSERVATIONS ON THE RARE EARTHS. XXXVI 

Recently it was found that europium can be separated from a mixture of 
samarium, europium and gadolinium chlorides by electrolytic reduction in 
acid solution in the presence of the sulfate ion.2 Europous sulfate, EuS04, 
precipitated as a white, finely crystalline compound, stable when heated in 
air a t  65' and insoluble in dilute acids. It was readily oxidized by dilute 
nitric acid. 

In 1929 Klemm and SchiithS reported the preparation of ytterbous 
chloride, YhClzj similar to samamus clllnridc, SEIC!~,~.~ I E ~  e ~ r o p ~ ~ s  
chloride, EuClP7 by treatment of ytterbium oxide, Ybz03, with a stream of 
ClzSzClz a t  600-620'. 

These facts suggested the possibility of separating ytterbium from the 
other rare earths of the yttrium group by electrolytic reduction in the 
presence of the sulfate ion. 

Experimental 

I. Electrolysis of Rare Earths with Low Ytterbium Content.-Ten 
grams of pink yttrium group oxides, containing yttrium and erbium with 
small percentages of thulium and ytterbium, were dissolved in hydrochloric 

An extract from a thesis submitted in partial fulfilment of the requirements for 
the degree of Doctor of Philosophy in Chemistry in the Graduate School of the Univer- 
sity of Illinois. 

Yntema, THIS JOURNAL, 52, 2782 (1930). 
Klemm and Schiith, Z. anorg. allgem. Chem., 184, 352 (1929). 

Watignon and Cazes, Compt. rend., 142, 83 (1906). 
6 Jantsch, Riiping and Kunze, Z. anorg. allgem. Chem., 161, 210 (1927). 

Urbain and Burion, Compt. rend., 153, 1155 (1911). 
Jantsch, Alber and Grubitsch, Monatsh., 53, 54, 305 (1929). 
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acid. The excess acid was evaporated, the solution diluted to 400 cc. and 
4 cc. of sulfuric acid (sp. gr. 1.84) was added. 

This solution was put into the cathode compartment of an electrolytic 
cell with a mercury c a t h ~ d e . ~  The anode compartment was filled to the 
same level with approximately 0.05 N hydrochloric acid. A current of 
0.1 ampere, corresponding to a current density at the cathode of 0.025 
amp./sq. cm., was used. The voltage drop between electrodes was 110 
volts. 

The solution was electrolyzed almost continuously for one hundred and 
ten hours. The only interruptions were during the nights when enough of 
the hydrogen evolved would get into the salt bridge to shut it off. During 
the first hour of the electrolysis the solution became dark. This soon 
cleared up and after thirty-two hours the solution, which was originally 
pink, had become clear green in color. Visual examination of the solution 
with a hand spectroscope still showed the absorption spectrum of erbium 
while there was also general absorption in the red part of the spectrum. 
At the end of eighty hours a greenish-white crystalline precipitate started 
to form. At the end of one hundred and ten hours the precipitate was 
filtered off, washed with boiled distilled water and dissolved in nitric acid. 
It dissolved in concentrated nitric acid with the evolution of brown fumes, 
indicating that it was a reduced compound. Any heavy metals with which 
the precipitate might have become contaminated were removed with 
hydrogen sulfide. The rare earths were precipitated as oxalate and ignited 
to the oxide, which was white in color. A qualitative test showed that the 
anion of the precipitate was sulfate. 

Photographs were made of the arc spectra on carbon electrodes of the 
original mixed oxides and of the oxide from the precipitate. 

The more prominent lines on this photograph were examined. The 
results obtained are shown in Table I. 

TABLE I 
SPECTRUM LINES 

Wave 
lengths 
in I. A. 

4935.51 
4900.11 
4883.69 
4854.88 
4823.31 
4786.60 
4781.90 
4564.00 
4552.12 
4527.80 
4515.15 
4439.22 

Intensity Intensity 
of line in of line in 

Element original precipitate 

Y b  0 7 
Y 7 1 
Y 7 1 
Y 7 1 
Y 2  0 
Yb 0 7 
Yb 0 7 
Yb 0 3 
Er 3 3 
Y 3 1 
Yb 0 -  4 
Yb 0 8 

Wave 
lengths 
In I. A. 

4422.60 
4398.03 
4374.95 
4358.72 
4309.62 
4305.97 
3933.67 
3906.34 
3900.83 
3472.5 
3467.88 

Intensity Intensity 
of line in of line in 

Element original precipitate 

Y 10 1 
Y 8 2 
Y o r E r  10 5 
Y 6 1 
Y 10 4 
Yb 0 5 
Ca 4 7 
Er 4 I 
Yb 0 5 
Lu or Yb 4 4 
Y 3 1 
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From this examination i t  was concluded that, while the original material 
contained only 1 or 2% of ytterbium, the precipitate consisted of ytterbium 
with very little of the other rare earths (estimated a t  1 or 2%). 

The authors wish to express their appreciation to Mr. P. W. Selwood for 
his assistance in the examination of the arc spectra of the original and 
precipitated oxides. 

11. Electrolysis of Rare Earths with High Ytterbium Content and 
Analysis of the Precipitate.-Samples of ytterbium-rich oxide which were 
white in color and, when dissolved in hydrochloric acid, showed no ab- 
sorption in the visible region of the spectrum, were also electrolyzed. The 
same color changes and precipitate formation as noted above took place 
although much more rapidly than in the solutions containing less ytterbium. 
When one or one and a half grams of precipitate had formed, the solution 
was decanted and the precipitate collected on a sintered glass crucible. 
It was found that the precipitate dissolved slowly if left in contact with the 
solution with constant evolution of gas. The decanted solution was clear 
green and bubbles of gas formed through its entire volume. At the end of 
about fifteen minutes it became colorless and no more gas was evolved. 

The precipitate was washed successively with freshly boiled distilled 
water, alcohol and ether, and heated to constant weight a t  72'. It was 
found that the precipitate gained weight when exposed to air a t  room 
temperatures; the crucible was therefore transferred to a glass-stoppered 

TABLE I1 

R~sur'rs QP ANALYSES OF PRECIPITATES OBTAINED BY ELECTROLYSIS WITH MERCURY 

CATHODE OF RARE EARTHS WITH HIGH YTTERBIUM CONTENT 

IA  IB I1 IIIB IIIC 

1 Concn. of soh. 5 g. oxide in 200 cc. 10 g. ox- (Filtrate Filtrate 
ide in 100 from Run from Run 
CC. 111) 10 g. IIIB 

oxide in 
100 cc. 

2 Hours. soln. elec. 37 6 . 5  3 . 0  5 . 5  
3 Cur. dens., amps./sq. cm. 0.025 0.025 0.165 0.165 0.165 
4 Wt. of precipitate, g. .6585 .4736 .5879 .4595 .3727 
5 Weight of YbzOj, g. .4549 .3215 .4023 .3113 ,2388 
6 Weight of BaS04, g. .5200 .3481 .2969 .3044 ,2533 
7 Wt. of Yb (calcd. from 

No. 5), g. .3996 .2825 .3534 .2735 ,2098 
8 Wt. of Sod (calcd. from 

No. 6). g. .2140 .I433 .I222 ,1253 ,1043 
9 Wt. of YbS04 (7 plus 

81, g. .6136 .4258 .4756 ,3988 ,3141 
10 Weight of Hz0 (?) and 

O2 (?) (4 minus 9), g. .0449 ,0478 ,1123 ,0607 0586 
11 Mol. ratio SO4:Yb ,968 ,917 .625 .828 ,898 
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weighing bottle before cooling. The analysis was carried out as described 
in a previous p~blication.~ The results are given in Table 11. 

The ratio of sulfate to  ytterbium was always less than unity. It was 
found that the material which approximated closest to  a 1:l ratio for 
ytterbium and sulfate was precipitated when the current density was low, 
the solution was djlt~te and the hydrogen-ion concentration fairly high. 
In this investigation no attempt was made to determine the optimum 
hydrogen-ion concentration for precipitation. The acid concentration in 
the cathode compartment of the cell a t  the start of a run was 0.37 N and 
this was decreased by the electrolysis. Care must be exercised, however, 
to prevent hydroxide formation through too low acidity. It is supposed 
that ytterbium is precipitated as YbSO4.xHa0, in which the water content 
is unknown. The fact that the sulfate content is lower than is theoretically 
correct may be explained by assuming that there is hydrolysis after the 
precipitation has taken place. It should be pointed out that the complete- 
ness of separation is not affected by any change taking place in the pre- 
cipitate after i t  has once formed. 

It was noticed that ytterbous sulfate was only stable in the acid solution 
when current was flowing and the cathode was one with a high overvoltage. 
When the current was shut off, the precipitate slowly dissolved with the 
evolution of hydrogen. The reaction is probably 

2YbSOn + 2H+ + 2Yb+++ + 2SOa-- + H2 

Of particular interest is the green coloration which always appeared when 
ytterbium salts were reduced. Examination with a hand spectroscope 
showed no absorption bands, but general absorption in the red. When 
europium salts were reduced there was no change in color. When ytter- 
bium was present, even if only in small amounts, the green coloration al- 
ways appeared. It appeared before any precipitate formed and remained 
as long as the electrolysis was continued. On shutting off the current, or 
decanting the solution into a beaker, bubbles of hydrogen formed through- 
out the clear green acidic solution and within fifteen minutes the solution 
had become colorless. The reaction is probably 

The ytterbic ion, Yb+++, is colorless, but the ytterbous ion, Yb+ +, appears 
to be green. 

Attempts to  reduce ytterbium, using cadmium or platinum cathodes, 
were not very successful. 

Summary 

1. Bivalent ytterbium sulfate may be precipitated from an  acid solution 
by electrolytic reduction in the presence of the sulfate ion. 

2. Arc spectrum analysis indicates that ytterbium of 98% purity may 
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be separated in one operation from mixed yttrium group material con- 
taining 2% ytterbium. 

3. Analysis of the precipitate showed i t  to be of variable composition 
approaching the formula YbS04.xHzO. It is a very light green crystalline 
compound. It is soluble in dilute acids with the evolution of hydrogen and 
in nitric acid with evolution of oxides of nitrogen. 
4. The ytterbous ion, Yb+f, is green. 

URBANA. ILLINOIS 

[CONTRIBUTION FROM FERTILIZER AND FIXED NITROGEN INVESTIGATIONS, BUREAU OF 

CHEMISTRY AND SOILS] 

EQUILIBRIA IN THE Fe-H-0 SYSTEM. 
INDIRECT CALCULATION OF THE WATER GAS EQUILIBRIUM 

CONSTANT 
BY P. H. EMMETT AND J. F. SRULTZ 

RECEIVED AUGUST 9, 1930 PUBLISHED NOVEMBER 5, 1930 

I n  a previous paper1 we have calculated the value of the equilibrium 
constant for the reaction 

+ Hz = CO + HPO Kl = (Pco ) (P~~) / (P~or ) (P rn )  (I) 

by combining the equilibrium constants obtained in our experiments2 on 
the two reactions 

CO + Hs0 = COO + Hz Kz = P H a / P H 2 0  (a 
Co + coz = c o o  + co Kt = Pco/Pco2 (3) 

The values so calculated were found to be in good agreement with those 
measured directly by Neumann and K ~ h l e r . ~  Such previous calculations 
made by Eastman and E ~ a n s , ~  Eastman5 and Eastman and Robin~on,~ 
respectively, had, however, given values about 40% higher than the 
directly measured equilibrium constants. The first two of these calcula- 
tions were based on the reactions 

FeO + HZ = Fe + Hz0 % = PBPOIPHS (4) 
FeO + CO = Fe + COZ K6 = PCOZIPCO (5) 

FesOc + HZ = Hi0 + 3Fe0 KB = PH~O/PH~ (6) 
FesOa 3. CO = 3Fe0 + COX K7 = Pco,/Pco (7) 

The calculations by Eastman and Robinson were made with the help of 
their own equilibrium data on the reactions 

SnO2 4- 2HX = 2H20 4- Sn K8 = PHZO/PH~ (8) 
SnOz + 2C0 = Sn + 2CO2 K9 = P c o ~ P c ?  (9) 

Emmett and Shultz, THIS JOURNAL, 52, 1782-1793 (1930). 
Emmett and Shultz, ibld., 51, 3249-3262 (1929). 

3 Neumann and Kohler, Z. Elektrochem., 34, 218 (1928). 
Eastman and Evans, THIS JOURNAL, 46, 888 (1924). 

5 Eastman, Bureau of Mines Information circular 6125 (1929). 
Eastman and Robinson, THIS JOURNAL, 50, 1106 (1928). 
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In view of the importance of knowing the correct values for the water gas 
equilibrium constant, as well as the values for the equilibria involving iron 
and its oxides, i t  seemed worth while to attempt to ascertain whether the 
above-mentioned discrepancy might be due to errors in previous determina- 
tions of the equilibria of Reactions 4, 5, 6 and 7. 

Examination of the literature has shown that the equilibrium constants 
that have been obtained for Reactions 5 and 7 differ considerably among 
themselves but exhibit no regular variations. The most reliable values 
agree approximately with those chosen by Ea~tman.~ However, values for 
equilibria involved in Reactions 4 and 6 vary in a somewhat regular man- 
ner; they can for the most part be divided into two groups. In Group I 
are those agreeing with the determinations of Eastman and his co-workers; 
when combined with equilibrium constants for Equations 5 and 7, they 
give values for the water gas constant that are 40y0 or so higher than those 
directly measured. In the second group are those agreeing approximately 
with the theoretical curve calculated by combining equilibrium constants of 
the Fe-C-0 system (Equations 5 and 7) and the directly measured value 
of the constants for Equation I. A study of the apparatus and procedure 
employed by these two groups of workers made it seem possible that the 
values in the first group constitute what might be termed false equilibria in 
that they may have been influenced by an abnormal consumption of 
hydrogen by the surface of the iron oxide specimens. Such surface effects 
had been observed by us during the determination of the equilibrium in 
Reaction 3. They had also been noted by a number of previous workers.? 

It seemed that the use of a dynamic rather than a static method would 
eliminate this source of error. The present paper gives the results of a 
series of equilibrium measurements obtained by a dynamic method on 
Reaction 4, a t  temperatures between 600 and 1000°, and on Reaction 6 at 
700 and 800'. 

Apparatus and Procedure 

The dynamic method used in the present experiments is almost identical 
with that reported in a previous paper.l I t  consisted essentially in passing 
steam-hydrogen mixtures over an iron-iron oxide mixture and analyzing 
the effluent gases for water vapor and for hydrogen. Equilibrium was 
approached both from the side of reduction and of oxidation. 

The apparatus is shown in Fig. 1. I t  consisted of a saturator, A; a reaction tube, 
J; an electric furnace, B; and an analytical apparatus, C and D. The saturator 
consisted of two towers containing glass beads and immersed in a thermostat con- 
trollable to *O.lO. Tank hydrogen, after being freed from oxygen by hot copper, was 
passed through a flowmeter and mixed with excess steam from a steam boiler; the 
steam-hydrogen mixture was passed through the thermostated saturator towers. 

Richardson, Vibrans and Bell, Science, 56, 27 (1922); Pease and Cook, TIXIS 
JOURNAL, 48, 1199 (1926); Taylor, Chem. Met., 27, 1263 (1922). 
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The reaction chamber was a silica tube, flanged and ground a t  one end to fit tightly 
against a similar flanged and ground pyrex glass tube. The two tubes were drawn to- 
gether by a brass clamp, padded by asbestos washers and were made gas-tight by a 
layer of de Khotinsky wax over the joint. The other end of the quartz tube was drawn 
down and sealed to a small quartz tube in order to decrease the dead space between the 
oxide mixture and the analytical apparatus. The quartz reaction tube was surrounded 
by a heavy copper jacket for a distance of about 20 centimeters and packed with 85% 
magnesia into the electric furnace shown in the diagram. The copper cylinder sur- 
rounding the reaction tube fitted tightly into the alundum tube upon which the nichrome 
heating element was wound. I t  was centrally located in the furnace, being about 15 
centimeters from each end. 

Fig. 1.-Apparatus. 

In  all of the final runs temperatures were measured by calibrated Pt-Pt-Rh thermo- 
couples in conjunction with a Type K potentiometer. One couple was placed in a thin 
quartz thermocouple well in the center of the iron-iron oxide mixture, as shown in Fig. 1. 
The other Pt-Pt-Rh couple was placed in contact with the outside of the reaction 
tube. During each run it was moved along the tube to obtain the lengthwise tempera- 
ture gradient. The gradient along the oxide mass was found to agree with that ob- 
tained on the outside couple, and was accordingly measured only a few times. The 
iron-iron oxide mass was about 5" cooler a t  each end than in the center. The gradient 
across the reaction tube was usually only one or two degrees; in a few runs it was as 
much as five degrees. 

In  the large number of preliminary experiments, alnmel+hromel couples calibrated 
initially a t  100 and 444" were used in conjunction with a portable potentiometer for 
measuring the temperature of 'the reaction tube. Unfortunately, during use the thermo- 
couples became very brittle and broke before a final calibration over the range of tem- 
peratures used could be made. 

The high reactivity desired in these measurements was obtained by using as a 
source of iron synthetic ammonia catalysts.* Sample A contained 0.5% ZrOz and 0.5% 
AlzOa. Sample B was a "pure iron" catalyst containing only 0.15% A b 0 ~ .  

The analytical apparatus was very similar to that previously described. The gas 
pipet D was of 250-c~. capacity and was water jacketed in order to eliminate any un- 
certainty as to its temperature. The weighing tube C was connected to the exit of the 
reaction vessel by a ground joint. All glass tubing between the thermostat and the 
reaction tube and at  the exit of the reaction vessel was heated electrically to prevent 

Eastman, THIS JOURNAL, 44,975 (1922). 
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condensation of any of the moisture present. Dehydrite was used in the weighing tube 
to catch any moisture not condensed in the main bulb of the tube. The specially de- 
signed gas pipet could be attached by a rubber connection directly to the weighing tube 
and exerted practically no back pressure in the line. 

In carrying out the experiments, approximately 54 g, of the fused FesOd was placed 
in the quartz reaction tube. The latter was packed into the furnace and connected 
as shown in the diagram. The iron oxide was then reduced completely by hydrogen a t  
approximately 600'. At each furnace temperature at  which runs were made the satura- 
tor was set a t  such a temperature as to give a steam-hydrogen mixture intermediate in 

\ Chaudron (Find E x p )  
+ Wohler 6 Prager 
0 bchreiner d Gmrnes ----- 6 Easfman s Evans 

6 7 8 9 10 11 12 13 14 15 16 
I / T  x lo4. 

Fig. 2.-Variation with 1/T of log K, where K = (H20)/(H2) in equilibrium 
with FeO-Fe, FerOrFeO or FeaOl-Fe. Curve 1 is calculated by combination 
of the "best values" for the equilibrium constants of the Fe-C-0 system and 
direct water gas constants as measured by Neumann and Kohler. Curve I1 
is the experimental curve of Eastman and Evans. 

composition between that of Curve I and that of Curve 11, Fig. 2. Each run con 
sisted in attaching the analytical apparatus to the exit of the reaction tube and deter- 
mining the weight of water and volume of hydrogen in the exit gas passed during a given 
time. The composition of the entering gas was carefully checked at each saturator 
temperature to make certain that the steam-hydrogen mixture entering the reaction 
tube corresponded closely to that calculated from the temperature of the saturator. In  
the course of each experiment the following data were taken: temperature of catalyst, 
as measured by each of the thermocouples; flowmeter reading; temperature of the 
flowmeter, of the saturator bath, of the condenser surrounding the weighing tube, and 
of the gas in the pipet; the time of the run; the apparent volume of hydrogen collected; 
the height of final water level in the pipet above the water level at  its exit; barometric 
pressure; and weight of water collected in the U-tube. The "U"-tube was always first 
carefully wiped with alcohol and then weighed to constant weight. From these data 
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the exit and entering steam-hydrogen ratios could be calculated. One could also cal- 
culate the average composition of the iron-iron oxide mixture in the reaction tube. 

When the accumulation of oxide on the iron sample decreased the rate of attain- 
ment of equilibrium too greatly, the temperature of the saturator was dropped sufficiently 
to  cause the entering steam-hydrogen ratio to be smaller than that corresponding to 
Curve I, Fig. 2. Runs were then continued until most of the oxide was removed. 
Values of Kq were determined in this way a t  intervals of 100" from 600' to 1000°, in- 
clusive. 

The two series of determinations of equilibria over Fe0-Fes04 were carried out 
after oxidizing the Fe to FeO by long-continued steaming with a steam-hydrogen ratio 
a little too small to produce Fea04. This oxidation was continued until the exit steam- 
hydrogen ratio was identical with the entering, indicating that any iron remaining in the 
sample was covered effectively by a layer of FeO and would therefore have no influence 
on measurements of the Fe0-Fe04 equilibrium. Equilibrium values were obtained 
over FeO-Fes04 at  700 and 800 ". 

Results 

In Table I are averaged the results of a number of preliminary experi- 
ments on the Fe-FeO system. The temperatures are those measured by 
the alumel-chrome1 couple at  the center of the mass of iron-iron oxide. 

TABLE I 
PRELIMINARY EQUILIBRIUM DATA FOR REACTION 4 IN H20-HZ-Fe-FeO SYSTEM 

Temp., 'C. 600 700 ROO 900 1000 

Runs 40-329 K = H20/H2 0.343 0.413 0.493 0.591 0.679 
No. of runs averaged 6 40 38 19 11 

In Tables 11, 111, IV, V and VI are given the data obtained in the final 
runs. In  Cols. 3 and 4 are the inlet and exit steam-hydrogen ratios corre- 
sponding to the temperatures listed in Col. 2. In Col. 5 of each table are 
the equilibrium values corrected for convenience to 600, 700, 800, 900 and 
1000°, respectively. The temperatures recorded in Col. 2 are the averages 
between the hottest point indicated by the outside couple and the coolest 
portion of the sample indicated by the inside couple. 

TABLE I1 
EQUILIBRIW DATA FOR REACTION 4 AT 600 O 

Run 

350 
351 
352 
353 
354 
355 
376 
377 
3 78 
379 

Temp., 
t OC. 

587 
589 
590 
625 
621 
619 
581 
622 
597 
599 

Entering 
HaO/Hz 

0.51 
.51 
.51 
.51 
.51 
.51 
.21 
.21 
.21 
.21 

Exit HeO/Ha K4 corrected 
= Kr for t°C. to 600°C. 

0.313 0.324 
.306 .315 
.322 .331 
.354 .333 
.350 .332 
.350 .334 
.299 .315 
.361 .342 
.345 .348 
.341 .342 

Average .332 
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TABLE I11 
E Q U ~ I B R I U M  DATA FOR REACTION 4 AT 700 O 

Temp., Entering Exit HaO/Hz Kr corrected 
Run t°C. HtO/Ha = Kr for tnC. to 700° 

345" 710 0.21 0.437 0 424 
346" 706 5 .21 .433 .427 
356 706 .51 ,428 ,423 
357 707 .51 .432 .426 
358 725 .51 .441 ,420 
359 715 .51 ,437 .424 
360 702.5 .21 ,420 ,418 
361 698 .21 .418 .420 
362 699 .21 .416 .417 

Average .422 
" These values were obtained on Sample B. The other values were all obtained on 

Sample A. 
TABLE IV 

EQUILIBRIUM DATA FOR REACTION 4 AT 800 
Temp., Entering Exit HzO/Hz K4 corrected 

Run t°C. HsO/Ha .= K4 for t°C. to 800° 

332" 807 0.20 0.519 0.513 
333" 805 .20 .478 .474 
334" 805 .20 .500 .496 
336" 795 .20 .498 .503 
337" 817 .20 .504 .490 
365 816 .67 .511 .498 
366 818.5 .67 .517 .502 
367 817 .67 .514 .500 
369 817 .20 .519 .502 
370 818 .20 .515 .500 
371 814 .20 .504 .509 

Average .499 
" These values were obtained on Sample B. The other values were all obtained on 

Sample A. 
TABLE V 

EQUILIBRIUM DATA POR REACTION 4 AT 900 

TFOyp Entering Exit HzO/Hn K4 corrected 
Run HeO/Hz = K4 for t0C. to 900" 

380 899 0.77 0.599 0.600 
381 900 .77 ,595 -595 
382 886 .77 .576 .586 
383 917 .77 .623 .610 
390 902 .39 .595 .593 
391 901 .39 .598 .597 
392 899 .39 .590 .591 

Average .594 

In Tables VII and VIII are recorded the few equilibrium values ob- 
tained at 700 and 800' for Reaction 6. The temperatures in these runs 
were measured with the alumel-chromel couples and were accordingly 
subject to the above-discussed uncertainties. 
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TABLE VI 
EQ~TILIBKIUM DATA FOR REACTION 4 AT 100oO 

Trmp., Entering Exit H.O/Ha K4 correc$ed 
Run t°C. HzO/Hz = IC4 for 1°C. to 1000 

384 979 0.91 0.646 0.662 
385 986 .91 .656 .667 
386 1020 .91 .692 .677 
387 1013 .40 .683 .673 
388 1014 .40 .683 .672 
389 1015 .40 .677 .665 

Average .669 

TABLE VII 
APPROXIMATE EQUILIBRIUM DATA FOR REACTION 6 AT 700 

Temp., Entering Exit HzO/H. K4 corrected 
Run t0C. HzO/Hz = K4 for t°C. to 700' 

307 702 0.98 1.176 1.152 
308 702 .98 1.288 1.264 
309 697 .98 1.110 1.146 
319 709 1.35 1.266 1.158 
320 705 1.35 1.264 1.200 
321 700 1.35 1.166 1.166 

Average 1.181 

TABLE VIII 
APPROX~MATE EQUILIBRIUM DATA FOR REACTION 6 AT 800 

Temp., Entering Exit HnO/Ha K4 corrected 
Run 1 OC. HzO/Ha - K4 for t°C. to 800' 

310 802.5 0.98 2.462 2.432 
314 800 2.64 2.390 2.390 
315 800 2.64 2.362 2.362 
322 802.5 1.35 2.363 2.333 
323 802.5 1.35 2.367 2.337 
325 800 2.63 2.350 2.350 
326 800 2.63 2.372 2.372 

Average 2.368 

I n  a number of the preliminary experiments the space velocity was low- 
ered. No change in the exit ratio of steam to hydrogen was thereby pro- 
duced. This constancy in composition of the exit gas a t  different rates 
of flow is further evidence that true equilibrium was being attained. All 
runs listed in Tables I1 to VI were made with an inlet hydrogen flow of 
about 23 cc. per minute. 

The accuracy of the above equilibrium data depends upon the accuracy 
with which three measurements were made, the temperature of the iron- 
iron oxide, the volume of hydrogen passing through the reaction tube dur- 
ing a certain time, and the weight of water vapor passing in the same period 
of time. 

The volume of hydrogen and the weight of water obtained per unit time 
were measured with considerable accuracy. The measurement of the 
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250 cc. of hydrogen could not, it seems, involve an uncertainty of more 
than *0.5 cc. or 0.2%; this represents the summation of possible errors 
in reading the pressure, temperature and volume of gas in the pipet. 
Assuming an uncertainty of *1 mg. in the weight of water obtained 
in each run, the total maximum errors that it seems might have been en- 
tailed in individual experiments in the analysis of the exit gas would ac- 
cordingly range from =I= 1.9% at  600' to f 1.1% at 1000° for the Fe-FcO 
system, and from .t0.570 a t  800° to =+=0,7% at  700° in the FeO-Pea04 
system. 

In the experiments in which Pt-Pt-Rh thermocouples were used, to- 
gether with a Type K potentiometer, the uncertainty in the temperature 
corresponding to  a particular equilibrium value should not exceed *6O 
at  600 and 700°, =+=7O a t  800 and 900' and *go a t  1000°. The tempera- 
ture a t  any particular portion of the reaction tube is known more accurately 
than this. A temperature uncertainty of this amount, however, results 
from the impossibility of ascertaining precisely which portion of the metal 
oxide mass determines the measured equilibrium value in a given run. 
The temperature uncertainty in the two series of runs on the FeO-FesO4 
system, and in the preliminary runs on the Fe-FeO system is harder t o  
estimate. The consistency of the values in the latter runs and their general 
agreement with those of the final runs would indicate that the temperatures 
measured with the alumel-chromel couples are probably correct t o  within 
* lo0. 

When the above-mentioned errors are taken into consideration, the 
values of Kq at  600, 700, 800, 900 and 1000" are 0.332, 0.422, 0.499, 0.594 
and 0.669, respectively, each value being correct to *0.012 unit. The 
values of KO at 700 and 800° are approximately 1.18 and 2.37, respectively. 
The above errors are estimated maximum errors that might exist in any one 
experiment. The probable errors calculated from the above data are of 
course very much smaller. 

It will be noted in the above data that there is no difference between the 
values obtained with iron oxide, Sample A, and those obtained with Sample 
B. This observation was also apparent in the runs summarized in Table I. 
This indicates that the small content of Alsos or ZrOz does not materially 
affect the free energy of the iron samples. 

In  the above experiments the oxygen content of the samples was varied 
over wide limits with no influence on the equilibrium constant obtained. 
At one point equilibrium values taken from the high steam-hydrogen side 
remained constant, while the percentage of oxygen in the iron sample 
increased steadily from about 0.4 to about 5Y0. The first two runs after 
freshly oxidizing or reducing the sample were omitted in the above averages 
in order to exclude any possible surface effect from the final equilibrium 
values. 
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Discussion of Results 
Logarithms of the values of K4 and KG observed by various workers are 

plotted against l /T  in Fig. 2. Curve I was calculated by combining the 
"best values" chosen by Eastmans for the equilibria in Reactions 5 and 7 
with the directly measured values of the water gas equilibrium of Reaction 
1 as measured by Neumann and K ~ h l e r . ~  Curve I1 is one drawn by 
Eastman and Evans as being representative of their own values for the 
equilibria of Reactions 4 and 6. I t  is to be observed that the results of 
Eastman and Evans, of Schreiner and Grimmes

g 
and of Wohler and 

Giintherlo agree fairly well with each other and with Curve 11, but are 
about 40% higher than values lying along Curve I. The results of Van 
Groningen are said to be in agreement with these workers too, though his 
dissertation has not been available to us. The results of Wohler and 
Prager,ll Wohler and Balz,12 Chaudron,13 Deville14 and Preuner16 lie, for 
the most part, between the two curves. The values obtained by the last 
three workers agree more closely with Curve I than with Curve 11, though 
they are somewhat erratic. Finally, it will be noted, the values obtained 
in the present experiments are in excellent agreement with Curve I and are 
consistent with the maximum values of K4 fixed by the experiments of 
Krings and KempkenslG and of Ferg~son. '~ 

Because of the importance of knowing the correct values for the equi- 
libria of Reactions 4 and 6 and of gas-solid equilibria in general, it has 
seemed worth while to examine carefully the procedure and apparatus 
employed by the various above-mentioned workers with a view of ascer- 
taining a possible cause of the large discrepancies that exist in the present 
equilibrium data. 

The errors that may exist in the experimental determination of the 
equilibrium constant are of two kinds: (1) those resulting from incorrect 
observation of the temperature during a run, or faulty measurement of the 
partial pressure of water vapor or of hydrogen in the gaseous mixture a t  the 
end of an experiment; (2) those due to failure to obtain true equilibrium 
between the steam-hydrogen mixture and the solid phases indicated in 
Equations 4 and 6. 

It seems very unlikely that the first type of error could be the entire 
cause of the above-mentioned discrepancies. In most cases the tempera- 

Schreiner and Grimmes, 2. anorg. Chem., 110, 311 (1920). 
lo Wohler and Giinther, 2. Elektrochem., 29,276 (1923). 

Wohler and Prager, ibid., 23, 199 (1917). 
l a  Wohler and Balz, ibid., 27, 406 (1921). 
la Chaudron, Compt. rend., 159,237 (1914); Ann. chim. phys., 16, 221 (1921). 
l4 Deville, Compt. rend., 70, 1105, 1210 (1870); 71, 30 (1871). 
a Preuner, 2. physik. Chem.. 47, 385 (1904). 

Rrings and Kempkens, 2. anorg. allgem. Clzem., 183, 225 (1929). 
" Ferguson, J. Wash. Acad. Sci., 13, 275 (1923). 



Nov., 1930 EQUILIBRIA IN THE Fe-H-0 SYSTEM 4277 

ture of the sample was probably known with reasonable accuracy. The 
partial pressure of water could be in error only to the extent that  there was 
any inaccuracy in measuring the temperature of the water in the thermo- 
stated bulb attached to the reaction tube in static experiments, or inac- 
curacy in determining the weight of water passing the iron samples per unit 
time in the experiments made by a dynamic method. No large uncer- 
tainties seem to have existed in either of these measurements. The prin- 
cipal error in measuring the partial pressure of hydrogen in static experi- 
ments arises from possible evolution of inert gas from the walls of the re- 
action tube of the metal sample during a run, or from possible leaking of 
air into the apparatus. Either occurrence would cause the total pressure 
and hence the apparent partial pressure of hydrogen t o  be too high; this 
would lower the apparent value of the equilibrium ratio of steam t o  hy- 
drogen. Although this might explain some of the discrepancies between 
the various static experiments, it could not possibly account for the results 
of some of the static experiments being 40y0 higher than those obtained by 
the present dynamic method. 

It has seemed to us that the cause of the discrepancy is of the second 
type. A careful consideration of the experiments of the various principal 
workers makes i t  appear probable that in the experiments performed by the 
static Deville method a false equilibrium has been measured-an equi- 
librium that differs from true equilibrium because of an abnormal con- 
sumption of hydrogen by a "surface oxide" present to a greater or less ex- 
tent in all the static experiments carried out. Before discussing the work 
of the various authors i t  will be well to define what is meant by the "surface 
effect" here referred to. 

Several instances are recorded in the literature in which the passage of a 
steam-hydrogen mixture over a freshly oxidized metal has resulted for a 
brief period in an exit steam-hydrogen ratio much higher than that  corre- 
sponding to  equilibrium with the massive metal-metal oxide phases. 
Conversely, passage of a steam-hydrogen mixture over freshly reduced 
metal surfaces has resulted in such an evolution of hydrogen that  the 
effluent gas has for a short time possessed much less steam than corre- 
sponded to  the normal equilibrium. Thus, Richardson, Vibrans and Bell 
noted the evolution of hydrogen in excess of equilibrium requirements when 
they passed steam over iron freshly reduced from iron oxide. Almquist 
and Blackl8 and Emmett and Brunauerlg have observed the definite forma- 
tion of oxide on iron synthetic ammonia catalysts by ratios of steam t o  
hydrogen much below equilibrium. Pease and Cook7 noted excessive 
hydrogen evolution on passing steam over finely divided nickel and ex- 
cessive hydrogen consumption in passing steam-hydrogen mixtures over 

'8 Almquist and Black, THIS JOURNAL, 48, 2814 (1926). 
l9 Emmett and Brunauer, ibid., 52, 2682 (1930). 
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freshly formed nickel oxide. The present authors' have called attention 
t o  similar phenomena in their study of the equilibria in Reactions 2 and 3. 
The effect is particularly observable in this latter system. In Fig. 3 is 
reproduced a diagram taken from the last mentioned paper. It clearly 

580 
shows the manner in which such an 
effect can raise the ratio of C02/CO 
t o  a value much in excess of equi- 

540 librium if the surface of the oxide 
concerned is completely oxidized 

500 The oxidation of the surface metal 
atoms by a gaseous oxidizing agent 

460 or reduction of the surface atoms 
of a metal oxide by a reducing gas 

420 thus appears to proceed with a 
greater decrease in free energy than 

0 380 does the oxidation of the massive 
v 
--& metal to oxide or reduction of the 
8 340 normal oxide to massive metal. 

There are a t  present no data de- 
300 fining precisely the thickness of the 

"surface" to which such abnormal 
260 phenomena are restricted. All 

quantitative evidence available is, 
220 however, consistent with this "sur- 

face effect," being limited for the 

180 most part to the few outer layers of 
atoms of the metal or oxide. 

140 When the experiments of differ- 
O 20 40 60 100 ent workers are considered from 

Tirne, min. the standpoint of the above-de- 
Fig. 3.-Typical curves showing the effect scribed surface effect, some in- 

of surface oxide on the CO+2O equilibrium 
value over a cobalt-cobalt oxide mixture. ter'sting appear' 
T h e  three series of runs shown were taken Eastman and Evans, Schreiner 
immediately after oxidation of the cobalt sur- and Grimmes, and Wohler and 
face t o  COO. The entering COrCO ratios in Gfinther used almost identical ap- 
the  570, 515 and 450" runs shown were 102, paratus and procedure, and ob- 
194 and 324, respectively. 

tained values that are in good 
agreement with each other but are, in general, some 40% higher than 
those corresponding to Curve I in Fig. 2. The method used consisted 
in permitting water vapor from a thermostated water bulb to come in 
contact with samples of finely divided iron or iron oxide held in a quartz 
tube a t  some definite temperature. Equilibrium was said to  have been 
reached when the total pressure indicated on an attached manometer 
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became constant. These workers approached equilibrium from the re- 
duction side by then merely increasing the temperature 25 or 50° after 
having obtained equilibrium from the oxidation side, and permitting the 
initially low steam-hydrogen ratio to adjust itself to the higher tempera- 
ture. The samples of iron used were completely reduced in hydrogen 
initially and introduced into the quartz reaction tube as metallic iron. 
Evacuation of the apparatus was then carried out with the iron sample 
heated to free the apparatus from inert gases and decrease the pressure to  
that of the water vapor from the thermostated water bulb. In  some of the 
experiments in which it was desirable to use a sample of known oxygen 
content, the iron samples were partially oxidized by continued evacuation 
until they were converted partially to oxide. In none of the experiments of 
these three authors was any mention made of approaching equilibrium 
from the reduction side by adding a large excess of hydrogen. 

From this brief description of the procedure followed by these workers i t  
will be apparent that a t  the start of every experiment mentioned by them 
iron samples had already been subjected to considerable exposure to  steam. 
Hence each particle of iron must have been oxidized to some depth before 
the beginning of an experiment. Furthermore, in these experiments the 
final volume of hydrogen a t  equilibrium was of the order of only 2 or 3 cc. 
(S. T. P.) according to calculations based upon the internal volume of the 
apparatus and the final pressure of hydrogen present. It would seem, 
accordingly, that conditions were in each instance favorable for the oper- 
ation of the "surface effect" mentioned above. The small volume of 
hydrogen in contact with a completely oxidized iron oxide surface would, 
in accordance with all of the above-mentioned instances, be expected 
to be partially consumed, thus resulting in a steam-hydrogen ratio much 
in excess of the true equilibrium value. The method used in approaching 
equilibrium from the hydrogen side would merely shift this surface effect 
to another temperature but still leave conditions suitable for it t o  be 
operative. 

In marked contrast to  the above-mentioned work is that of Deville, of 
Chaudron and of Preuner. They, in general, used a static apparatus similar 
to that of the first group of workers. However, the procedure employed 
was such as to eliminate partially the above-mentioned surface effect in a t  
least some of their experiments. Deville and Preuner actually added 
excess hydrogen to  the apparatus and observed the equilibrium resulting 
from the reduction of an iron oxide sample. Chaudron, in changing from 
the system FeO-Fe30e to  the system Fe-FeO added excess hydrogen t o  the 
apparatus and after reduction evacuated it with the sample of iron cold. 
Any runs made immediately after such reduction without intervening 
evacuation with the sample hot should Iikewise not have been subject t o  a 
marked surface effect. Insufficient description of the exact procedure 
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used by these three workers is given, however, to permit one to conclude 
definitely whether all of the discrepancy between this second group of 
workers and the first group is due to the influence of the surface effect, or is 
due in part to errors of Type 1. 

Several interesting observations may be made in regard to the work of 
Deville and of Preuner. 

Deville originated the static apparatus subsequently used by most 
workers in metal-metal oxidesteam-hydrogen equilibrium measurements. 
He obtained values at  only two temperatures in the range covered by our 
own experiments, namely 907 and 767", the boiling points of zinc and 
cadmium. His results at these temperatures are shown in Fig. 2. At 767' 
i t  will be noted that the four equilibrium values obtained by Deville fall dis- 
tinctly into two groups. The two upper values obtained from the oxidation 
and reduction sides with the water-bath temperature a t  15 and 15.4", 
respectively, are in perfect agreement with each other, but differ greatly 
from two lower values obtained with the water-bath supposedly a t  OO. 
No temperature measurements were made of the water in the inner bulb in 
the experiments of Deville, the temperature being assumed to be that of the 
surrounding water-bath. It is interestiag to note that the four values a t  
767' are brought into perfect agreement by assuming that the water in the 
bulb attached to the reaction tube was a t  4' instead of 0'. Since a t  4' 
water has its maximum density, it does not seem improbable that in his 
experiments the water bulb was located a t  the bottom of an unstirred ice- 
bath where the temperature might easily have been 4". Similarly at  907O 
the three low values were obtained with the water bulb immersed in an ice- 
bath, whereas the two upper values were obtained with the temperature of 
the water-bath at 15'. In this case, however, an assumed temperature of 
about 3" would be necessary to bring the two groups of results into agree- 
ment. It seems highly probable that this error in the temperature of the 
water-bath in the runs at  767 and 907' may have caused the discrepancies 
in his own experiments at these temperatures. 

Preuner, working with a Deville type apparatus a t  temperatures of 900, 
1025 and 1150°, obtained equilibrium values for Reaction 4. He, like 
Deville, took precautions to approach the equilibrium from the reduction 
side by actually introducing an excess of hydrogen and observing the pres- 
sure decrease. In Fig. 2 the higher of the values obtained by Preuner a t  
each temperature are those in which equilibrium was approached from the 
high steam-hydrogen side. Those obtained from the reduction side are on 
an average only 5 to 10% above Curve I. 

One observation not previously mentioned in connection with Preuner's 
work seems important. Figure 4 is a reproduction of Figure 24 of Preu- 
ner's paper. In his article in connection with this figure an experiment is 
described in which he merely wished to demonstrate the slowness with 
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which a small amount of iron oxide would react with hydrogen a t  900°. 
Water vapor at a pressure of 46.6 mm. was permitted to  react in his static 
apparatus with a sample of completely reduced iron until the pressure had 
built up to  115 mm. A sufficient amount of hydrogen was then admitted 
to build up the pressure in the apparatus to about 130 mm. The pressure 
quickly dropped to an apparently 
constant value of about 125 mm. 
Preuner did not include this v a l e  I b f e m ~ - e  20~0 
in his equilibrium data, believing p (H,O)= 46.6 
apparently that true equilibrium 
had not been attained. This is 130 
the only experiment in which 
after reaching equilibrium from 8 120 
the oxidation side he introduced 
hydrogen into the apparatus with- 2 110 
out further evacuation and result- 
ing oxidation of the sample. As 
shown in Fig. 2, the equilibrium 8 
constant that we have computed 
from this one experiment agrees 
well with Curve I. It seems to 
be added evidence in favor of the 80 
validity of Curve I values and is 
apparently one static experiment 70 
in which the above-mentioned 0 10 20 30 40 50 
surface effect was entirely elimi- T i e ,  min. 
nated. Fig. 4.-Variation with time of the P~rn/P=l  

The values obtained by Wiihler over a sample of completely reduced iron in s 
and prager and by wijhler and static experiment by Preuner. The experiment 

is unique among all recorded static experiments 
Balz agree much more on the Fe-H-0 system in that after permitting 
with Curve ''9 Fig. 2* than with the initially low steam-hydrogen ratio to in- 
Curve I. The values obtained crease nearly to equilibrium, an excess of hydro- 
from the oxidation side are sus- gen was added without intervening evacuation. 
ceptible to the above-mentioned The linal steady state pressure shown in this 
surface effect since evacuation of figure corresponds to a value for K4 in agree- 

ment with those of Curve I, Fig. 2. 
the reaction vessel and hot sam- 
ple with its attendant oxidation of the surface of the iron was carried 
out before each run. However, equilibrium was approached from the  
reduction side by admitting an excess of hydrogen-"sometimes as much 
as 120 cc."-to an oxidized sample and permitting the pressure t o  decrease 
to a constant value. It is not clear why these latter equilibrium values 
should fail to agree more closely with Curve I. 

Any surface effect occurring in a dynamic system is quickly eliminated 
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by the large amount of steam and hydrogen passing through the reaction 
tube. Consequently, the equilibrium measurements reported in the pres- 
ent paper should be free from this error. They constitute the first 
measurements made upon Reaction 4 by a flow system in which the point 
of equilibrium was determined by analysis of the effluent gas from the 
reaction tube. The excellent agreement of the experimental points among 
themselves and with Curve I attests to their probable correctness. 

The experiments of Krings and Kempkens and of Ferguson were also 
made by a flow method. They differ from our own experiments, however, 
in that the value of the equilibrium constant is deduced from the variation 
in composition of the iron or iron oxide samples when treated for a number 
of hours with a given steam-hydrogen mixture. The results of Krings and 
Kempkens shown in Fig. 2 represent ratios of steam to hydrogen that 
sufficed to  form an appreciable amount of oxide on the iron samples used. 
Their measurements fix the upper limits to the values of K4 at  the tempera- 
tures used. Similar experiments performed with slightly lower steam- 
hydrogen ratios and with iron oxide as a starting material would fix the 
lower limit for Ka. Ferguson's measurements unfortunately were made 
upon a sample of pure electrolytic iron that had been heated in hydrogen 
for many hours a t  900 to 1000°, and that was therefore doubtless extremely 
inactive and slow to oxidize. At 750°, after six hours exposure of the Sam- 
ples of the iron to streaming mixtures of steam and hydrogen in which the 
ratios of steam to hydrogen were 0.476, 0.540, 0.568 and 0.595, respec- 
tively, the final samples analyzed 99.98, 99.9, 98.0 and 93.6% iron. Thgse 
experiments of Ferguson definitely indicate that the value for the equi- 
librium constant for the conversion of Fe into FeO is not greater than 
0.568 a t  750°, assuming that the 2% oxygen content of this final sample is 
not present as solid solution. They cannot be considered, however, to  
contribute information as to the exact value of the equilibrium constant. 

It is of course true that the surface effect mentioned and described above 
can be supposed to affect the equilibrium value only in case the duration of 
each experiment is insufficient to permit the true equilibrium value charac- 
teristic of the mass of iron-iron oxide to be attained. The slowness with 
which the establishment of true equilibrium throughout the mass of Fe- 
FeO takes place is evidenced by the fact that, according to the recent work 
of Krings and Kempkens, when a gas stream containing such a moisture 
content as to make its steam-hydrogen ratio slightly less than the equi- 
librium value for Reaction 4 above is passed over a sample of Fez03, 
complete reduction at 715' is not obtained for a great many hours. Thus, 
a t  the end of eight hundred hours, about 0.6% of oxygen still remained in 
such a sample. 

Eastman and Evans observed that the equilibrium ratio of steam to 
hydrogen over an iron-iron oxide mixture a t  775' decreased rapidly as the 
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oxygen content of the solid phase fell below 5%. They interpreted this as 
being an indication that as much as 5y0 oxygen would dissolve in a sample 
of iron. However, Krings and Kempkens have recently determined the 
solubility of oxygen in iron and found it to be of the order of 0.1 yo or less. 
Possibly the decrease in the steam-hydrogen ratios in the experiments of 
Eastman and Evans a t  these low oxygen contents was the result of enough 
iron being exposed in the initial sample to eliminate partially the surface 
error outlined above and to cause the values for the equilibrium steam- 
hydrogen ratio to  deviate more and more toward true equilibrium as the 
percentage of oxygen in the solid phase decreased. 

The correlations mentioned in the above discussion are, we believe, sig- 
nificant and must somehow be explained. The tentative explanation here 
proposed, involving what has been termed "surface effect," seems consistent 
with most of the known experimental data. However, i t  cannot be ac- 
cepted as final until conclusively demonstrated in a series of static experi- 
ments in which the exact technique necessary to produce the true equi- 
librium has been studied in detail. To this end additional experimental 
work is being undertaken a t  this Laboratory. An attempt will be made t o  
prove the possibility of obtaining either false equilibrium values or true 
equilibrium values in a given static apparatus by merely changing one's 
procedure slightly. Further details as to the nature of this surface effect 
will accordingly be deferred to a later paper. At that time equilibrium 
data for steam-hydrogen over Fe-Fe304 and additional data for the FeO- 
Pea04 system will also be presented. 

The Equilibrium Constant for the Water Gas Reaction 
The value for the equilibrium constant for Reaction 1 can be calculated 

readily by combining equilibrium data for the Fe-C-0 system of Equation 
5 with the values of K4 obtained in the present experiments. Such a 
calculation gives water gas constants agreeing with the directly measured 
values of Neumann and Kohler as closely as do the experimental values 
determined in the present paper agree with Curve I of Fig. 2. This calcu- 
lation assumes the accuracy of the data for the Fe-C-0 system. In Fig. 5 
are shown the data for the Fe-C-0 system. Curve I represents the "best 
values'' as chosen by Eastman in his first paper.8 The recent experimental 
values of Schenck and his co-workersm are also included. Curve 11, Fig. 5, 
represents Eastman'ss latest choice of the "best values" for this system. 

In Table IX are summarized the values for the water gas equilibrium 
constants obtained in different ways. Columns 2 and 3 contain those ob- 
tained by the direct measurement of Hahn21 and of Neumann and Kohler, 

20 Schenck, Stahl Eisen, 46, 665 (1926); 2. Elektrochem., 34, 399 (1928); 2. anorg. 
Chem., 167, 315 (1927); 167, 254 (1927); Schenck and Dingrnann, ibid., 166, 113 (1927); 
171, 239 (1928). 

21 Kahn, Z. physik. Chem., 44, 5131 (1903); 48,735 (1904). 
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respectively. The values of the water gas equilibrium constant of Re- 
action 1 calculated by use of the steam-hydrogen and COzCO equilibria 
with Co-COO mixtures are shown in Col. 4. Those in Col. 5 were obtained 
by dividing the value of K4 from our own Fe-H20-Hz-FeO equilibrium 
data, by Kg as reported by Eastman. Column 6 contains the indirect 

I / T  x lo4. 
Fig. 5.-Variation with 1/T of log K, where K = (CG)/(CO) in equilibrium 

with FeO-Fe, Fe304-FeO or Fe30,-Fe. 

calculation of Eastman and Robinson based upon their data for Reactions 8 
and 9. This is the one remaining indirect calculation giving values for the 
water gas equilibrium constant that disagree with the directly measured 
values. The values in Cols. 3, 4 and 5 agree excellently with each other 
and we believe correspond to the true values of the water gas equilibrium 
constant over the range of temperature covered. 

Direct measurements 
Neumann and 

Hahn Kijhler 

0.041 
.080 
.I40 
.zoo 
.290 
.410 
.50 

0.610 .63 
.755 .78 
.906 .93 

1.071 1.09 
1.240 1.29 
1.420 1.44 
1.606 1.66 

Calculated from 
Co-COO FeFeO SnSnOI 
system system system 
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Summary 

1. The value of the equilibrium constant K4 = P H Z o / P ~ ,  for the re- 
action FeO + Hz = Fe + Ha0 has been determined by a flow method a t  
600, 700, 800, 900 and 1000" to be 0.332, 0.422, 0.499, 0.594 and 0.669, 
respectively. 

2. The value of the equilibrium constant Ke = PHSO/PH, for the re- 
action Peso4 + Hz = 3Fe0 + Hz0 has been determined by a flow method 
at 700 and $00" to be 1.18 and 2.37, respectively. 

3. Combination of these values with the "best values" of Eastman for 
the Fe-C-0 system gives values for the water gas equilibrium in good 
agreement with the water gas values determined directly by Neurnann and 
Kohler. 
4. The so-called "surface effect" is presented as a probable reason for 

the discrepancies between the water gas values as obtained indirectly by 
other workers and the directly determined values. 

WASHINGTON, D. C. 

[CONTRIBUTION FROM THE UNIVERSITY OP NORTH CAROLINA] 

A STUDY OF THE QUANTITATIVE PRECIPITATION OF 
CALCIUM OXALATE IN THE PRESENCE OF THE ARSENATE ION 

BY J. T. DOBBINS AND W. M. MEBANE 
RECEIVED AUGUST 9, 1930 PUBLISHED NOVEUBER 5, 1930 

A study of the quantitative precipitation of calcium oxalate in the 
presence of the phosphate ion by Dobbins and Mebane1 showed that 
the calcium ion could be quantitatively precipitated from a solution con- 
taining an excess of phosphate ions. Since the usual method of estimat- 
ing calcium in calcium arsenate involves the same difficulties met in the 
phosphate analysis, a similar study was made of the quantitative precipi- 
tation of calcium in the presence of the arsenate ion. As the phosphate 
ion and the arsenate ion are chemically similar, the same method of study 
was used. 

The study was based on the assumption' that the so-called tertiary 
calcium arsenate, which forms on the addition of ammonium hydroxide 
to the solution, having a much greater solubility product than calcium 
oxalate would go into solution and thus the calcium oxalate form. Con- 
sequently, if the solution be allowed to stand long enough for this metathe- 
sis to be complete, it should be possible to precipitate calcium oxalate 
in the presence of the arsenate ion. In order to determine the most 
favorable conditions under which to carry out the precipitation, several 
series of analyses were made to determine the time required for complete 

Dobbins and Mebane. THIS JOURNAL, 52, 1469 (1930). 
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transformation of calcium arsenate to  calcium oxalate and the effect of 
temperature and alkalinity of solution a t  time of precipitation. 

After first having found the minimum time necessary for the complete 
precipitation, determinations were made to determine the difference in 
results, if any, caused by adding the precipitating agent before and after 
the solutions were made alkaline with ammonium hydroxide and by 
varying the alkalinity of solution a t  time of precipitation. These series 
were run a t  30 and 100'. An excessive amount of ammonium hydroxide, 
when added first to the solution, appeared to  h i d e r  the formation of cal- 
cium oxalate. Consequently two series were made using a slight excess 
of ammonia in one case and 10-cc. excess of concentrated ammonium hy- 
droxide solution in the other, in order to determine the effect of the con- 
centration of ammonium hydroxide on the solution. 

Procedure.-A 0.1 N solution of calcium chloride was prepared by 
dissolving a weighed quantity of Iceland spar in hydrochloric acid. 
Approximately 0.1 N solutions of disodium arsenate and potassium per- 
manganate were made. As the precipitating agent, a saturated solution 
of ammonium oxalate was used. 

Twenty cc. of the standard solution was taken for each analysis. TO 

this solution 25 cc. of the disodium arsenate was added to  give an excess 
of arsenate ions, and then an excess of ammonium oxalate. The total 
volume of solution a t  this point was 80-100 cc. The precipitates were 
filtered, washed by decantation with distilled water containing a small 
amount of ammonium hydroxide and transferred on the filter paper t o  
the precipitation beaker. The precipitates were dissolved in dilute sul- 
furic acid, the solution was brought almost to boiling temperature, and 
titrated rapidly with the 0.1 N permanganate solution in the usual way. 
As the precipitate was very finely divided, an inferior grade of filter paper 
could not be used in this determination. It was found that as accurate re- 
sults were obtained by titrating the precipitate first formed as by follow- 
ing the usual procedure of dissolving and reprecipitating the calcium 
oxalate. The losses involved in redissolving the precipitate were as great 
as the error caused by the adsorption of ammonium oxalate by the precipi- 
tate. 

EFFECT OF TIME OF STANDING 
Twenty cc. of N/10 calcium solution used in all cases, made alkaline with ammonia 

before add~tion of oxalate 
30" 100° 

Time, hours N/10 EMnOd, cc. N/10 KMnOd, cc. 

0.25 20.10 20.00 
0.5 19.95 20.00 
1 20.10 19.95 
1.5 20.10 20.00 
2 20.10 20.00 
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TABLE I1 
EFFECT OF TEMPERATURE. CONCENTRATION OF AMMONIA AND ORDER OF ADDITION 08 

REAGENTS 

Ammonium hydroxide added to the solution before ammonium oxalate. One hour 
allowed for reaction 

30 O l o O D  
Slight excess NH40H 10 cc excess NH4OH Slight excess NH4OH 10 cc. excess NH4OH 

N/10 KMnOa, cc. N/10 KMnO4, cc. N/10 KMnO4, cc. N/10 KMn04, cc. 

20.60 21.90 20.00 20.10 
20.20 20.30 20.05 20.10 
20.20 19.95 20.00 20.15 

Twenty-four hours allowed for reaction 
20.00 20.05 20.05 20.00 
20.00 19.95 20.00 19.95 
20.00 20.00 19.95 20.00 

Ammonium hydroxide added to the solution after ammonium oxalate. One hour al- 
lowed for reaction 

Twenty-four hours allowed for reaction 
19.95 19.95 19.95 20.00 
20.00 19.95 19.95 20.00 
20.00 20.00 20.00 20.00 

Discussion 

The formation of calcium oxalate in the presence of the arsenate ion 
was not as rapid as in the presence of the phosphate ion. Especially was 
this true a t  low temperature. Judging from other reactions of arsenates 
and phosphates, this was to be expected. Due possibly to adsorption 
of ammonium oxalate by calcium arsenate, the results of the titration 
were apt to be high if insufficient time were allowed for complete trans- 
formation of the calcium arsenate into calcium oxalate. This was also 
shown by the fact that good results were obtained in all cases where the 
precipitates were allowed to stand twenty-four hours before filtration 
or had been formed in solutions only faintly alkaline with ammonium 
hydroxide and digested at the boiling temperature for one hour. This 
heating seemed to destroy the flocculent nature of the previously precipi- 
tated calcium arsenate and made filtration very difficult, but good results 
were obtained by this method. The time of addition of ammonium 
hydroxide made no material difference in the analysis where the higher 
temperature was used. A large excess of ammonia gave high results in 
most of the analyses which were allowed to stand for an hour. This is 
possibly explained upon the difference in the adsorptive power of calcium 
arsenate which was formed in high concentrations of ammonium hydroxide 
and that which was formed in solutions only faintly alkaline. Those 
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precipitates which were allowed to stand over for a twenty-four hour 
period gave uniformly good results. This was due to the complete trans- 
formation of the arsenate into the oxalate during this period of standing. 

Recommended Procedure 
Accurate results were obtained from the following procedure. The 

solution was made alkaline with ammonium hydroxide and a few drops 
excess added. After the addition of an excess of ammonium oxalate 
to  the boiling solution, it was kept a t  incipient boiling temperature and 
occasionally stirred for ten minutes. After standing for an hour the 
precipitate was filtered off, washed with distilled water containing a small 
amount of ammonium hydroxide, transferred on the paper to the precipi- 
tation beaker, dissolved in 30 cc. of dilute sulfuric acid, diluted to 100 cc. 
and titrated rapidly with a 0.10 N potassium permanganate solution. 

Summary 
1. Calcium oxalate may be precipitated quantitatively in the presence 

of the arsenate ion. 
2. The solution may be made alkaline either before or after the addi- 

tion of ammonium oxalate, and a small excess of ammonium hydroxide 
added. 

3. The best temperature for precipitation is 90-100°. 
CHAPEL HILL, NORTH CAROLINA 

THE PHOTOCHEMICAL FORMATION OF CHLORINE DIOXIDE 
FROM CHLORINE MONOXIDE IN CARBON TETRACHLORIDE 

SOLUTION 

That chlorine monoxide, ClaO, is sensitive toward light has long been 
recognized. In recent years several quantitative investigations of the 
photochemistry of this compound have been undertaken. Bowen1 studied 
the effect of light in the region 41004700 8. on carbon tetrachloride solu- 
tions of chlorine monoxide; apparently on the assumption that the prod- 
ucts of the reaction were simply chlorine and oxygen, he found from 0.81 
to 1.02 molecules of the monoxide decomposed per quantum absorbed. 
He later measured2 the effect of light on gaseous chlorine monoxide and 
concluded that in the gaseous state apparently two molecules of monoxide 
were decomposed for each quantum of blue and violet light absorbed. 

E. J. Bowen, J. Chem. Soc., 123, 1199 (1923). 
Bowen, rbid., 123, 2330 (1923). 
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The gaseous reaction was studied more extensively by Bodenstein and 
Kistiakow~ky.~ They concluded that two molecules of monoxide were 
decomposed per quantum absorbed irrespective of whether the light 
absorber was chlorine monoxide or added chlorine. They found further 
that the decomposition was accompanied by the formation of chlorine 
dioxide; this was shown by the fact that gaseous monoxide developed, on 
illumination, the absorption bands of the dioxide in the blue and violet. 
They believed, however, that the quantity of dioxide formed was very 
small, and they apparently did not regard its formation and presence as any 
important complicating circumstance in the measurement of the quantum 
yields. 

The mechanism of the decomposition of chlorine monoxide (without 
reference to ClO2 formation) has been discussed by Schumacher and Wag- 
ner.4 They have shown that for 4350 A. the absorption process may be 
either ClzO + hv -+ Cl2 + 0 or ClzO + Izv + CIO + C1, and regard the 
latter as more probable. The character of the absorption spectrum of 
gaseous C1206 indicates that this wave length is energetically capable of 
producing either of at  least two different dissociations. 

In the present paper is described an examination of the reaction in carbon 
tetrachloride solution. I t  is found that chlorine dioxide is formed on 
illumination of the solution and that the amount formed is by no means 
negligible compared with the amount of monoxide decomposed. Moreover, 
the comparatively high light absorption coefficients of the dioxide make 
the presence of even small amounts of this compound a disturbing factor 
in the measurement of the quantum yield of the monoxide decomposition. 

The Materials 
Carbon Tetrachloride.-Some diiculty was experienced in preparing sufficiently 

good carbon tetrachloride. The starting point was commercial c. P. material; since this 
showed some photochemical reaction with chlorine, it was subjected to the following 
treatment.6 The liquid was boiled for nine hours in an all-glass reflux apparatus, chlo- 
rine being bubbled through continuously. The chlorine was boiled off and the liquid 
treated with anhydrous sodium carbonate, and distilled twice from an all-glass still 
with a fractionating column. A middle fraction was used. This product was still 
found to develop acidity when chlorine was dissolved in it and the solution illuminated 
for four hours with the blue light source described below. (The acidity was detected by 
pouring the illuminated chlorine solution into an excess of potassium iodide, titrating to 
an end-point with thiosulfate and then adding iodate.) Finally some of this carbon 
tetrachloride which had been rduxed with chlorine was saturated with chlorine dioxide; 
after standing for several days it was again washed and fractionated. This product 
developed no acidity on four hours' illumination with chlorine and was used in the ex- 
periments described below. 

M. Bodenstein and G. Kistiakowsky, Z. physik. Chew., 116, 371 (1925). 
H. J. Schumacher and C. Wagner, ibid., SB, 199 (1929). 
C. F. Goodeve and J. I. Wallace, Trans. Faraday Soc., 26,254 (1930). 
HH. Griiss, 2. Elektrochem., 29, 144 (1923). 
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Chlorine Monoxide.-The chlorine monoxide was prepared in carbon tetrachloride 
solution by adding an excess of mercuric oxide t o  carbon tetrachloride about half satu- 
rated with chlorine a t  room temperature. The oxide reacted quickly to give the brown- 
ish chlorine monoxide solution. The solid material was filtered off using asbestos in a 
Gooch crucible. Occasionally the preparations showed a small amount of free chlorine 
on analysis. 

The  mercuric oxide used in this preparation was obtained by adding a 50% solution 
of potassium hydroxide to a saturated solution of mercuric chloride a t  room temperature. 
The  precipitated mercuric oxide was washed and then dried for two days or more a t  120 O. 

Chlorine.-For the preparation of chlorine monoxide or for absorption measure- 
ments chlorine from hydrochloric acid and manganese dioxide, or from a tank, was 
purified by passing through a train of washing bottles with all-glass connections. The 
first two bottles contained potassium permangallate solution, the third concentrated 
sulfuric acid and a fourth glass wool to  retain mist. Fresh materials were placed in the 
train before each experiment. The gas from the train was passed into carbon tetra- 
chloride in a glass stoppered flask. 

Chlorine Dioxide.-This was prepared according to the method of Bray.? Eight 
grams of potassium chlorate and 30 g. of oxalic acid were intimately mixed and moistened 
with 4 cc. of water in a flask with a side arm. The mouth of the flask was sealed and 
the  mixture heated to  60 O. The evolved gas was passed into carbon tetrachloride. 

The Apparatus.-The arrangements for illuminating the solution and 
measuring its transmission are 
shown in plan in Fig. 1. Light 
from the quartz mercury arc A 
operated from a d. c. generator 
with a voltage regulator, passed, 
when the shutter B was opened, 
through a hole 1 cm. in diameter 
in a removable cap, C. I t  then 
passed through the filter box D 

0 through which water was flowed. 
A The light filters E were sub- 

merged in this box. The light 
was then collimated by the 
lenses F. 

The pyrex glass reaction cell 
G was 1.06 cm. thick internally 
with flat faces 3 cm. in diameter. 
The volume of solution which 

Fig. 1.-Plan view of photochemical apparatus. it held was 6.9 CC. The cell 
was provided with two capillary 

side arms for filling; these were fitted with ground glass caps. 
Filters.-To remove infra-red, a 1-cm. layer of 6% copper sulfate 

solution mas used.s To isolate X4358, a 4-mm. piece of Corning G 585 
? W. C .  Bray, Z. physik. Chem., 54, 592 (1906). 

W. W. Coblentz, Bur. Standards Bull., 9 ,  110 (1913). 
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was followed by a 2-mm. piece of Noviol A. On being photographed with a 
spectrograph, the radiation transmitted by these filters showed in addition 
to 4358 only the weak neighboring lines 4347 and 4339. To isolate 4047, 
a 1-cm. layer of 4% quinine hydrochloride was followed by a 5-mm, piece of 
Corning G 586 A. Spectrographs of the radiation transmitted by this 
filter showed a trace of 4358 and various other lines down to 3900; most of * 
the intensity, by far, was in 4047. 

Spectroscopic Experiments.-Using a two-prism glass spectrograph 
we have photographed the absorption spectrum of chlorine monoxide in 
carbon tetrachloride solution. In agreement with Bowen the absorption 
was found to set in appreciably in the blue and to increase continuously 
toward the violet. After strong illumination of the solution with either 
white light or the line 4358 A., a series of well-marked maxima of absorption 
situated a t  about 4350, 4240, 4130, 4020,. . . A. developed. Since these 
absorption maxima are not attributable to chlorine, their source was 
sought in chlorine dioxide. I t  was found that chlorine dioxide solutions 
gave maxima in the same positions as the illuminated chlorine monoxide 
solutions; a 0.0015 molal chlorine dioxide solution showed the maxima t o  
about the same extent as a 0.034 molal chlorine monoxide solution which 
had been exposed for three hours to our source of 4358 A. 

These experiments show that chlorine dioxide is produced in carbon 
tetrachloride solution by the illumination of chlorine monoxide but give 
only a rough suggestion of the quantity. We have accordingly attempted 
to estimate the number of molecules of chlorine dioxide produced per quan- 
tum absorbed and, taking account of the presence of chlorine dioxide, t o  
reexamine the quantum yield in the decomposition of chlorine monoxide. 

Absorption Coefficients.-Absorption coefficients of carbon tetra- 
chloride solutions of chlorine, chlorine monoxide and chlorine dioxide 
were determined for the radiations 4358 and 4047 A. Light from the 
mercury arc was passed through one of the filters described above, colli- 
mated, passed through a cell containing the solution, and then allowed to  
fall on a Moll thermopile connected with a galvanometer. The cell was 
removed and immediately replaced by a sheet of the same pyrex glass of 
which the cell was constructed. The ratio of the galvanometer readings 
for the two cases was taken as the transmission, 1/10, of the solution. I n  
Table I are given average values of the transmission for various solutions 
together with the absorption coefficients, a, defined by the equation 

--log10 I/& = cue 
where Cis the concentration in moles per liter. As our photochemical experi- 
ments were made in the same cell that was used for the absorption coeffi- 
cients, these values are sufficient for our purpose. The thickness of the cell 
was 1.06 cm., so that the absorption coefiicients, r,  defined by the equatist? 

--log10 Ill0 = 6Cd 
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where d is the thickness of the cell in centimeters, are a/1.06. In the case 
of chlorine, absorption coefficients were also measured a t  the wave lengths 
4358 A. using a spectrograph and calibrated wire screens substantially as 
described by Winther.g The value of a! obtained by this method, 2.40, is in 
agreement with that given in Table I. 

TABLE I 
ABSORPTION COEFFICIENTS IN CARBON TETRACHLORIDE SOLUTION 

Substance Moles per liter Wave length, A. I / l o  a 

C1, 0.214 4358 0.308 2.40 
.0457 4047 .481 6.95 

C120 ,0229 4358 .671 7.60 
.0676 4358 .296 7.82 
,0789 4358 .247 7.70 
,0229 4047 .686 7.13 
.0676 4047 .336 6.99 

C102 .00115 4358 .595 197 
,00135 4358 .530 203 
.00115 4047 ,195 616 
.000428 4047 .551 605 

Method of Analysis.-The carbon tetrachloride solutions, which in the 
general case were presumed to contain chlorine, chlorine monoxide and 
chlorine dioxide, were treated in the following manner. A weighed 
amount of the solution was run into a flask containing an excess of po- 
tassium iodide acidified with a known excess of standard acid. The iodine 
liberated by the following reactions was titrated with thiosulfate 

Clz + 21- = I* + 2C1- 
ClzO + 41- + Hz0 = 212 + 20H- + 2C1- 
ClOz + 51- + 2Ha0 = 5/2Iz + 40H- C1- 

The unused excess of acid was then determined by adding a small amount 
of potassium iodate and titrating with thiosulfate the iodine liberated by 
the reaction 

1 0 8 -  + 51- + 6H+ = 312 + 3H20 

Calling a the number of equivalents of thiosulfate used per liter of sample in 
the first titration, and b the number of equivalents of acid neutralized per 
liter of sample as determined by the second titration, it is evident that 

a = 2(C12) + 4(C120) + 5(C102) (1) 
b = 2(CLO) + 4(C102) (2) 

where the parentheses indicate molal concentrations. 
I n  those cases (as in the absorption measurements or a t  the beginning of 

the photochemical exposures) where one or more of the three substances 
was known to be absent, these titrations sufficed; but when all three sub- 
stances were present, an additional independent relation between their 

O C. Winther, Z. wiss. Phot., 22, 125 (1923). 
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concentrations was necessary. This was afforded by a measurement of 
I/Io, the fraction of light transmitted by the solution when placed in the 
cell used for determining the absorption coefficients. The additional 
relation is, then 

-log I/& = m(C12) + m(C120) + as(C1OI) (3) 

Simultaneous solution of Equations 1, 2 and 3 would give the desired 
analysis. 

In practice it was found convenient to proceed slightly differently by 
using for the transmission measurements the radiation 4047 A. For this 
wave length, the absorption coacients of chlorine and chlorine monoxide 
are practically equal and much smaller than the coefficient for chlorine 
dioxide. If then no chlorine be allowed to escape from the solution during 
the photochemical reaction, any change in the transmission of the solution 
is ascribable to a change in (ClOz). If the solution initially contains no 
chlorine dioxide and has a transmission (I/Io)~, the concentration of 
chlorine dioxide corresponding to the transmission (I/Io), found after 
illumination is given by 

-log ( I / I O ) ~  + log (I/Io)i = (as - 7) (WOJ (4) 

From Table I, [a3 - (a1/2)] has the value 607. We have accordingly 
followed, by transmission measurements, the concentration of chlorine 
dioxide in a sample of chlorine monoxide under illumination; using the 
final value of (ClO2) so obtained, we have determined the values of (Cl2) 
and (ClzO) at the end by titration. 

The experiments themselves afford two controls on this method of 
analysis. (1) The total chlorine in the solution, given by (a - b),  should 
be the same before and after illumination; this was ordinarily found to be 
the case to 1% or better which, in view of the small samples involved, is 
probably satisfactory. (2) From the analysis of the final solution, its 
transmission for 4358 A. may be calculated and compared with a measured 
value. The calculated and observed transmission for this wave length 
agreed on the average to about 3%. 

Measurement of Quantum Yields.-The chlorine monoxide solution, 
prepared as previously described, was placed in a small all-glass container 
built like a wash bottle. The exit tube from this container was ground into 
one of the capillary arms of the reaction cell. The cell was filled by blowing 
into the inlet tube of the container through a drying tube. The cell was 
then weighed, emptied into the titration Bask, reweighed and immediately 
refilled. The initial composition of the ClzO solution was then determined 
by titration of the first sample. The second sample was then illuminated 
with 4358 A. During this illumination, the cap C (Fig. 1) was removed to 
give a larger light source. 

The illumination was interrupted at intervals for the measurement of 
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(1) the transmissions of 4358 and of 4047 and (2) the intensity of the 4358 
as used for the reaction. The transmissions were measured as previously 
described. The light intensity was measured by noting the galvanometer 
deflection with C removed and the glass plate K in front of the thermopile; 
in this case a shunt was placed across the galvanometer to keep the de- 
flection on the scale. 

The thermopile had been calibrated with the aid of a carbon lamp cali- 
brated by the Bureau of Standards; in the thermopile calibration the 
quartz window, L, was removed from the thermopile and the shunt from 
the galvanometer. The effect of the shunt had been determined by noting 
the deflections produced by a convenient white light source with and with- 
out the shunt. 

The total number of quanta, Q, entering the reaction mixture in t minutes 
was calculated by the following formula 

Q = 6 0 t x d X f 1 X f t X f a X E X A  ~ f r X f 6 X ~ = 9 . 2 X l O ~ X t X d  
d = galvanometer deflection in centimeters of scale as read with the shunt 
fl = ratio of deflection without shunt to that with shunt 
fi = rat0 of deflection with thermopile in plane of diaphragm and at its center. 

to deflection with thermopile in position used (the beam was slightly con- 
vergent) = 0.942 

f a  = ratio of average deflection over area of diaphragm to deflection with thermo- 
pile at center of diaphragm = 0.925 

E = intensity of radiation giving unit scale deflection; ergs per sq. mm. per set. 
per cm. scale deflection = 0.672 

A = area of diaphragm opening in sq. mm. = 573 
f4 = reciprocal of transmission of quartz plate = 1.065 
f 6  = reciprocal of transmission of one surface of pyrex plate = 13035 
p = number of quanta in one erg of radiation of wave length 4358 A. = 2.217 X 10" 

The results of a number of experiments made by illuminating pure or 
nearly pure chlorine monoxide solutions of various concentrations are given 
in Table 11. The initial and final amounts of chlorine monoxide and 
chlorine in the solutions are given in Cols. 3 and 4. The amount of solution 
was always 6.92 .t 0.02 cc. The amounts of chlorine dioxide present a t  
various times (as computed from the transmission of X4047) are given in 
Col. 5. 

The total number of quanta having been absorbed by the system up to 
the time t (Col. 2) is given in Col. 9 and was calculated as follows. The 
number of quanta entering the reaction vessel in each interval of time was 
calculated from the average galvanometer deflection for that interval 
(Col. 8) as described above. This number was multiplied by [1 - (I/Io)] 
[l 4- r(I/Io)] to give the number of quanta absorbed in the time interval. 
Here (I/Io) is the average value of the transmission for X4358 for the inter- 
val and ?(= 0.035) is the fractional reflection of radiation back into the 
celI at the rear window. (It may be n ~ t e d  that the small correction 
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TABLE I1 

QUANTUM: YIELD MEASUREMENTS 

Total ClzO de- ClzO de- 
time Av galv, Total cortlp per comp per 

of C!aO, Clz, C101 I / I o  I / I o  dea for quanta q ~ ~ a n t i ~ r n  quantum 
i l l .  m l -  m i l -  d l h -  for for preceding ahs abs by abs by 

Expt. min. moles moles moles 4358 A. 4047 I(.  i~ltrrval X lo-'* soh el20 

1 0 0.158 0.000 0.00000 0.676 0.686 . .  . . . . . . 
. .  . .  .. 170 . . .00338 .346 20.7 1.22 . . 

240 .I23 .035 ,00399 .546 ,306 18.7 1.76 1 20 1.72 

2 0 .215 .005 .00000 .574 .579 .. . . . . . . 
60 . . . . ,00225 . . ,367 26 9 0.675 . . . . 

120 . . . . ,00370 . . ,275 22 2 1.28 . . . . 
180 ,176 .042 .00475 ,454 .222 22.8 1.95 1.21 1 65 

3 0 .375 .004 .00000 ,383 ,414 . . .. . . 
30 . . .. .00225 ,347 .270 22.2 0.394 . .  . . 
60 .352 .023 ,00409 ,315 .I82 26 0 0.881 1.58 1.83 

4 0 .298 .025 00000 ,462 .476 . . . . .  . . . . 
. .  30 . . .. .00164 .430 .342 20 2 0.313 . . 
. .  . .  60 . . .00303 ,402 .258 18 5 0.616 . . 

90 .276 .044 .00394 ,385 .215 16 7 0.900 1.48 1.77 

5 0 .280 .006 .000?0 .491 ,510 . . . . .  . . . . 
. .  60 . . .. .00238 .439 .316 18.9 0.567 . . 
.. .. 120 . . .00449 .396 ,206 25.5 1.40 . . 
.. 180 . . .. .00572 .369 .I61 21.4 2.14 . . 

240 .222 .059 .00714 .355 ,121 22.5 2.94 1.20 1.70 

6 0 .lo0 .006 . 0000Q ,778 .781 . . ... . . . . 
. .  30 . . .. .00085 .745 .657 26.2 0.176 . . 
. .  .. 60 . . .00138 .724 -592 25.7 0.363 . . 
.. 90 . . .. .00180 .707 .545 25.8 0.563 . . 

120 ,083 .018 .00214 .702 .507 25.6 0.776 1.33 1.82 

r(I/Io) for rear-window reflection is not compensated in the absorption 
measurements.) The sum of the quanta absorbed in all intervals up to the 
time t is given in Col. 9. 

The amount of chlorine dioxide formed in the various runs is shown in 
Fig. 2 plotted against the number of quanta absorbed. In  a given run, 
the amount of chlorine dioxide formed increases less and less rapidly with 
the quanta absorbed as the exposure is prolonged. At least two reasons 
may be given for this: (1) chlorine dioxide already formed acts as an 
internal filter and partially screens its further forlnation; (2) chlorine 
dioxide is itself decomposed photo~hemically.~~ In addition there is the 
possibility of photochemical reaction between chlorine dioxide and chlorine 
monoxide. 

When the various runs are compared with each other, i t  is found that for 
a given number of quanta absorbed, more chlorine dioxide has been formed 
the higher the initial concentration of chlorine monoxide. This effect 

lo H. Booth and E. J. Bowen, J. Chem. Soc., 127,510 (1925). 
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again could obviously result from internal screening in both the formation 
and decomposition of the chlorine dioxide. 

The simplest conditions evidently prevail a t  the beginning of the ex- 
posure where the material is substantially all chlorine monoxide. The 
initial (quantum) rate of formation of chlorine dioxide appears to be not 
markedly, if at all, dependent on the concentration of chlorine monoxide. 
The initial slope of the curves gives directly a quantum yield of about 0.35 
chlorine dioxide formed per quantum absorbed. 

0 1 2 3 
Quanta absorbed X 10-19. 

Fig. 2.-Amount of ClOz formed vs. number of quanta (4358 k.) 
absorbed. The numbers on the curves are the experiment 
numbers of Table 11. The initial concentrations of Cleo in- 
crease in the order 6, 1, 2, 5, 4, 3. 

Our method of analysis supplied a knowledge of the chlorine monoxide 
present a t  only the beginning and end of a run. The number of molecules 
of chlorine monoxide decomposed in each entire run per quantum ab- 
sorbed, irrespective of the absorbing substances, was computed from Cols. 
3 and 9 and is given in Col. 10. It may be seen that in Expts. 3 and 4, 
where the exposures were shortest and the proportion of chlorine dioxide a t  
the end smallest, the yields were highest, viz., 1.58 and 1.48, as against 
values around 1.2 in longer exposures. This suggests that shorter ex- 
posures would lead to still higher values for the initial yield; for after the 
decomposition of only a small amount of chlorine monoxide, the chlorine 
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dioxide which had been formed played a considerable part in the light 
absorption. However, on account of the small titration differences already 
involved, experiments resulting in smaller decompositions did not appear 
feasible. 

We have, therefore, calculated the number of molecules of chlorine 
monoxide decomposed per quantum absorbed by the chlorine monoxide. 
At any moment, the fraction of the absorption due to chlorine dioxide is 
aa(C102)/ [(rl(C12) + (rz(Clz0) + a3(C102) 1. The denominator is equal t o  
-log.(I/Io) for X4358. Hence the fraction of the entering quanta which 
are absorbed by other than chlorine dioxide is 

Values of this last expression were calculated for each time interval using 
average values of (6102) and (I/Io) ; these were multiplied by the number of 
quanta entering in the interval and summed over the entire run. The 
ratio of the number of molecules of chlorine monoxide decomposed to this 
sum is given in Col. 11. Strictly this is the yield per quantum absorbed by 
ClzO + Clz; however, the quantity of free chlorine was never large and its 
absorption coefficient for 4358 is small. These yields are comparatively 
constant, showing possibly a slight tendency to increase with decreasing 
exposure; the mean for the three longest runs is 1.69, while the mean for the 
three shortest runs is 1.81. In  view of the uncertainty of extrapolation and 
of the small titration differences, it seems not impossible that the value for 
zero exposure and hence for pure chlorine monoxide solution may be as 
high as 2. 

Summary 

The effect of light of wave length 4358 A. on solutions of chlorine mon- 
oxide in carbon tetrachloride has been investigated. It has been found 
that the decomposition of chlorine monoxide is accompanied by the forma- 
tion of considerable chlorine dioxide. In solutions 0.014 to 0.054 molal in 
chlorine monoxide, the initial rate of formation of chlorine dioxide has been 
found to be about 0.35 molecule of chlorine dioxide per quantum absorbed. 
The initial rate of decomposition has been found to be a t  least 1.8 molecules 
of chlorine monoxide per quantum absorbed. 
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[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE UNIVERSITY OF ILLINOIS] 

THE INTERACTION BETWEEN NITROGEN TRICHLORIDE AND 
NITRIC OXIDE AT -150". 11. FURTHER EVIDENCE FOR 

THE FORMATION OF NITROGEN DICHLORIDE AND OF 
MONO-OXYGEN-DINITROGEN-DICHLORIDE 

I n  a paper published two years ago1 i t  was shown that a t  -80°, in a 
solution of chloroform and carbon tetrachloride, two moles of nitric oxide 
react with one mole of nitrogen trichloride, giving one mole of nitrosyl 
chloride, one of nitrous oxide and two atoms of chlorine 

2N0 + NC1s = NOCl + NzO + Cla 

This was explained by assuming that the nitric oxide, having an odd elec- 
tron, takes an atom of chlorine with an odd electron from the nitrogen tri- 
chloride to form the nitrosyl chloride. This leaves nitrogen dichloride with 
an  odd electron and the latter combines with another mole of nitric oxide to 
form mono-oxygen-dinitrogen-dichloride, O=N-NCla. This last com- 
pound dissociates a t  -80°, giving nitrous oxide and chlorine. It was also 
found that at -130 to -140°, in petroleum ether, the reaction corre- 
sponds to the equation 

NCI, + NO = N2O + 3C1 

probably because hydrochloric acid formed by the action of nitrogen tri- 
chloride on the petroleum ether catalyzes a reaction between the nitrosyl 
chloride first formed and nitrogen trichloride, giving nitrous oxide and 
chlorine. I t  should be remarked, however, that this equation represents 
the final result of a t  least three or four reactions which occur consecutively 
or simultaneously. 

To simplify the conditions and to eliminate, as far as possible, the cata- 
lytic effect of the hydrochloric acid and the reactions between nitrosyl 
chloride and nitrogen trichloride and between nitric oxide and chlorine, the 
reactions have been carried out in the presence of chloroform and carbon 
tetrachloride a t  - 150°, the boiling point of nitric oxide. 

Experimental Part 
The apparatus used, shown in Fig. 1, was the same as that described in the 

first paper except that the bulb, F, in which the reaction was carried out, 
was surrounded with a second bulb sealed to it as shown in Fig. 2. Nitric 
oxide from a glass gasometer containing about 12 liters was condensed in the 
outer bulb by immersing it in liquid air. In some cases the solution con- 
taining a known amount of nitrogen trichloride was introduced by distilling 
it under low pressure from a glass bulb in which i t  had been frozen before 

a Noyes, THIS JOURNAL, 50,2902 (1928). 
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connecting it with the apparatus a t  E. As the mixture distilled into the 
reaction bulb F, which was kept in liquid air, i t  froze on the walls of the 

Fig. 1.-Ground-glass joints at 0, E and M. 

bulb. In other cases the solution was allowed to flow slowly through a fine 
capillary tube down the inner wall of F. The latter method is considered 
better. This gave a large reacting surface for the mixture, and as  the 
freezing point of nitrogen trichloride is lower 
than that of the mixture of chloroform and car- 
bon tetrachloride, the trichloride was largely on 
the outside of the surface of the crystals of the 
solvent. 

After evacuating the bulb, introducing nitro- 
gen and evacuating again three or four times to 
remove the air, the liquid air was lowered away 
from the outer bulb containing liquefied and 
frozen nitric oxide. By proper adjustment of 
the cylinder containing the liquid air, the nitric 
oxide in the outer bulb was allowed to evaporate 
slowly back into the gasometer. In this manner 
a constant temperature of approximately - 150' 
could be maintained almost indefinitely. 

A measured quantity of nitric oxide was then 
slowly introduced through A and C (Fig. 1). 
The reaction, which did not always begin im- 
mediately, was apparent from the change in color 
of the mixture to the red color of nitrosyl chlo- 
ride. After the desired amount of nitric oxide 
had been introduced, the mixture was allowed to 
stand for some time a t  - 150' until the reaction Fig. 2. 
was complete. 

A large number of experiments a t  - 150' have been carried through and 
various changes in the technique of separating the products of the reaction 
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have been tried. The most important change has been measuring the 
nitrous oxide instead of weighing it. After fractionating the products and 
condensing the nitrous oxide in the U-tube H (Fig. I), immersed in liquid 
air, the tube was connected with a tube leading to the bottom of a dry bottle 
and a tube from the top of the latter was connected to a bottle containing 
water in such a manner that as the nitrous oxide was allowed to evaporate, 
after removing the liquid air in which the U-tube was immersed, the air 
displaced passed into the second bottle and displaced its own volume of 
water. The wgter displaced was measured and thus the volume of the 
nitrous oxide was determined without allowing the gas to come in contact 
with water. Small amounts of nitrosyl chloride and chlorine present in 
the nitrous oxide were determined and proper corrections were made. 

Two experiments at -80' were made to test the results given in the first 
paper by the new technique. 

Attempts to carry out the reaction a t  the temperature of liquid air, 
- 185 to - 191°, have not been successful. After 11.9 millimoles of nitric 
oxide had stood in contact with the mixture containing an excess of nitrogen 
trichloride, at that temperature, for forty-five hours, 9.4 millimoles were 
recovered unchanged. 

Results and Discussion.-From a large number of experiments, two 
a t  -SO0 and three at  - 150' have been selected as representing, approxi- 
mately, the course of the reaction, which is distinctly different a t  the two 
temperatures. 

TABLE I 
RESULTS OF EXPERIMENTS 

NCL NCb Molecular ratios Tfpz:, 
recovered reacting NO N10 NOC1 C1 

0.04 1 1.96 0.71 1.01 2.20 -80 
.23 1 2.42 .85 1.16 1 .5  -80 
.32 1 2.94 .72 1.70 0.16 - 150 
.33 1 3.10 .92 2.10 .60 - 150 
.23 1 3.00 .95 1.70 .90 - 150 

The results at  -SO0 confirm the equation given in the first paper, 
NCla + 2N0 = NOCl + N20 + 2C1, as representing, approximately, the 
reactions which take place at  that temperature. 

At - 150' the results correspond, approximately, to the equation 
NC13 + 3N0  = 2NOC1 + N80 + C1 

The results at  -SO0 were explained by assuming that nitric oxide, having 
an odd electron, takes a chlorine atom with an odd electron from the nitro- 
gen trichloride to form nitrosyl chloride. This leaves nitrogen &chloride, 
NCla, having an odd electron, which causes it to combine immediately with 
a second mole of nitric oxide to give mono-oxygen-dinitrogen-dichloride, 

.. : c1 
0 .. : : N : N Because of the oxygen combined with one of the nitrogen 

: c1' 
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- .. + 
atoms, this compound seems to dissociate to nitrous oxide, : o : N : : : N : . . 
and chlorine at  - SO0. 

I t  seemed difficult, a t  first, to explain the formation of two moles of 
nitrosyl chloride a t  - 150°, but further consideration has led to  the con- 
clusion that the mono-oxygen-dinitrogen-dichloride is sufficiently stable 
to maintain a brief existence a t  - 150° and that it yields a second atom of 
chlorine with an odd electron to a second mole of nitric oxide, forrning the 
second mole of nitrosyl chloride. This would leave mono-oxygen-dinitro- 
gen-monochloride, 0 : : : " C1. This would dissociate to nitrous oxide 
and chlorine, either a t  once or during the subsequent distillation of the 
products. 

The course of the reaction a t  -SO0 shows that nitric oxide and chlorine 
combine very slowly to form nitrosyl chloride at  that temperature and the 
second mole of nitrosyl chloride is very unlikely to have come from that 
combination. 

Summary 

1. At - 150° the interaction of nitrogen trichloride and nitric oxide pro- 
ceeds, approximately, according to the equation 

NCls + 3NO = 2NOC1 + NzO + C1 

2 .  This equation is thought to represent the result of four successive 
reactions which may be represented by the equations 

3. Attempts to isolate the intermediate products, nitrogen dichloride, 
mono - oxygen - dinitrogen - dichloride and mono -oxygen - dinitrogen - mono- 
chloride have not been successful. 

URBANA, ILLINOIS 
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THE PREPARATION OF SULFUR HEXAFLUORIDE AND SOME OF 
ITS PHYSICAL PROPERTIES 

BY WALTER C. SCHUMB AND E. LEE GAMBLE 

The object of the present research was to investigate in somewhat 
greater detail than previously has been described the preparation and 
purification of sulfur hexafluoride, as well as to determine certain of its 
physical properties which appeared to be in need of revision. Because of 
the increasing attention which is being given to certain gaseous fluorides as 
weU as the rather unusual intrinsic characteristics of sulfur hexafluoride, 
i t  was thought desirable to communicate the results of our study thus far 
established. Sulfur hexafluoride is a gas a t  ordinary temperature; it 
solidifies at low temperature, melting at  -50.8'. Its vapor pressure at  
that temperature is above atmospheric; it must be cooled further, to 
-63.8', to lower the pressure to 760 mm.; the determination of these 
temperatures and pressures was one of the objects of this work. 

The Generation of Fluorine.-The only practical method of preparation 
of sulfur hexafluoride is the combustion of sulfur in fluorine, so that a brief 
account of our experience with the generation of fluorine would not appear 
t o  be out of place here. Since Moissan'sl first preparation of this gas by 
the electrolysis of a solution of potassium fluoride in anhydrous hydrogen 
fluoride, using a U-tube and electrodes of platinum-iridium, much im- 
provement in the design and operation of fluorine generators has been 
attained. Of various types of generators, such as those of F. Meyer and 
S a n d o ~ , ~  J. SimonsIJ Lebeau and DamiensI4 and Bancroft and Jones? that 
described by the last-named investigators is representative of recent prac- 
tice. Their generator is an improved form of that first described by W. L. 
Argo,G the essential change being in the use of magnesium metal in place of 
copper for the containing vessel and diaphragm. 

I n  starting the present work, several types of fluorine generators using 
fused electrolytes were constructed and the unsuitability of copper for the 
containing vessel and diaphragm was soon established. The generator 
finally adopted and successfully operated over an extended period of time 
was a modification of that described by Bancroft and Jones, with one 

Moissan, Compt. rend., 53, 202 (1886). 
' F. Meyer and Sandow, Ber., 54, 759 (1921). 
a J. Simons, THIS JOURNAL, 46, 2175 (1924). 

Lebeau and Damiens, Compt. rend., 181,917 (1925). 
Bancroft and Jones, Trans. Am. Electrochem. Soc., 55, 71 (1929). 
Argo, Mathers, Humiston and Anderson, J. Phys. Chern., 23, 348 (1919). 
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important difference: welded 3.2 mm. monel metal was used in place of 
magnesium in the construction of the vessel and diaphragm. After more 
than one hundred and S t y  hours of operation at 220 to 300' there has been 
no appreciable attack of the monel by the fused electrolyte-KHF2- and 
Only a slight attack of the graphite anode. 

Electrical connection was made to the graphite anode by means of a 3.2-rnrn. copper 
wire threaded at  the end and screwed tightly into the 2.54~tn .  graphite rod, the whole 
being held at  the top of the diaphragm by a 
"stoppcz" of Portland cement. A horizontal 
copper disk attached to the lead wire served 
as a shield to prevent spray from entering and 
clogging the outlet tube. The bottom of the 
diaphragm was closed with a removable monel 
disk held snugly to the diaphragm by three flat 
hooks brazed to the latter. Three rows of eight 
6.4 mm. holes perforated the lower end of the 
diaphragm. The current employed varied from 
12 to 15 amp.; the potential drop across the 
cell averaged 3 to 4 volts. The generator held 
approximately 3.6 kilos of electrolyte, which 
was melted in'a large copper beaker before 
pouring into the generator, wherein it was kept 
molten by means of a nichrome heating coil 
wound about the vessel. When a run was inter- 
rupted, the electrolyte was poured out into the 
copper beaker, in which it solidified. When 
the electrolysis was resumed the cake was dis- 
lodged, broken into large lumps, remelted and 
again poured into the generator. The fluorine 
contains some hydrogen fluoride, oxygen and 
probably a little carbon tetrafluoride. As far 
as the satisfactory functioning of the generator 
is concerned, our experience confirms the ob- 
servations of others in that the water content 
of the electrolyte has much to do with success- 
ful operation. As electrolysis proceeds-at as 
low a temperature as possible, in order to mini- 
mize vaporization of hydrogen fluoride-the 
water is gradually eliminated. Fig. 1.-Fluorine generator. 

The Preparation of Sulfur Hexafluoride and Previous Work.-Moissan 
and Lebeau7 discovered that when sulfur burns in fluorine the chief product 
of the reaction is the gas, sulfur hexafluoride, colorless, odorless and very 
inert under ordinary conditions. Of this substance they say that "it 
solidifies a t  about -55' to a white, crystalline mass, which liquefies and 
boils at  a temperature but little removed from its melting point." In 
determining the density of the gas, Moissan and Lebeau used a method 

' Moissan and Lebeau, Compt. rend., 130, 865 (1900); Ann. chim. phys., 171 26, 
147 (1902). 
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previously described by Moissan and Gautier,S which consisted of the 
comparison of the weights of equal volumes of sulfur hexafluoride and of air 
taken under the same conditions. Four values were given: 4.95, 4.99, 
5.09 and 5.11; average 5.03. 

Prideaux
g 
later made a comparative study of the physical properties of 

the hexafluorides of sulfur, selenium and tellurium. The sulfur hexa- 
fluoride had been purified by three distillations. He determined the 
melting point of sulfur hexafluoride as -56 to -55O, the boiling point 
as -62O at  760 mm., and made a determination of the vapor pressure of 
solid sulfur hexafluoride over the temperature interval -110° to about 
-65O. The pressure, 760 mm. a t  - 6 2 O ,  was calculated by a short ex- 
trapolation, since there was not enough sulfur hexafluoride to  continue 
the readings to this temperature. The data were not tabulated but were 
given in the form of a smooth curve. The temperature of the sulfur hexa- 
fluoride was assumed to be the same as that of the ether (cooled with 
liquid air, and gradually allowed to warm up) that surrounded the bulb. 
The apparatus was quite small because of the small amount of the sub- 
stance available. 

The method of preparation of sulfur hexafluoride used in the present investigation 
was as follows. The fluorine from the generator passed through two copper U-tubes 
coupled thereto and filled with flakes of freshly fused potassium fluoride to remove some 
of the hydrogen fluoride, then through a 2.5-cm. copper tube about 50 cm. long filled 
with small lumps of sulfur. The sulfur ignites immediately in the fluorine and the prog- 
ress of the combustion can be noted by the heating of the copper tube a t  the zone of 
combustion. The gases from the reaction tube passed through a long column of freshly 
fused potassium hydroxide flakes to remove the greater part of lower fluorides of sulfur 
and any sulfur dioxide present. The gas was now collected over 3 N potassium hy- 
droxide in a 20-liter carboy, the solution being siphoned out as the carboy filled with gas, 
and the whole allowed to stand for several days with occasional shaking. From the 
carboy the gas was passed at a rate of about 1.5 liters per hour through a trap cooled to 
approximately -60° to remove much of the water vapor, through a column of calcium 
chloride, and then through two absorption bottles containing anhydrous alcohol. Next 
the gas passed through two absorption bottles containing water and one containing con- 
centrated sulfuric acid to remove alcohol vapor, and finally was solidified by strong cool- 
ing in the first of a series of four bulbs. The quantity of solid so obtained was about 80 g. 
The solid was now repeatedly sublimed, each operation requiring from five to seven 
hours and approximately one-third (the first and last portions) of each fraction being 
discarded. Finally the bulb of the vapor pressure apparatus was well evacuated, cooled 
with liquid air, and the sulfur hexafluoride sublimed directly into it.10 

Vapor Pressure of Sulfur Hexafluoride.-The apparatus shown in Fig. 2 was em- 
ployed in the vapor pressure measurements. The purpose of the compressed air, mer- 
cury reservoir and stopcocks attached thereto was to make possible the adjustment of 

* Moissan and Lebeau, Com$t. rend., 130, 984 (1900); Moissan and Gautier, 
Ann. chim. phys., 171 5, 568 (1895). 

9 Prideaux, J. Chem. SOG., 89,323 (1906). 
lo It was observed that at  the temperature of liquid air the vapor pressure of solid 

sillfur hexduoride is certainly less than 0.01 mm. 
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the mercury level in the short arm to the same point when taking readings, so that the 
work could be carried out a t  constant volume. The scale was a metal tape, one inch 
wide, graduated in millimeters. The bulb containing the sulfur hexafluoride was cooled 
with a mixture of alcohol and solid carbon dioxide in a one-liter Dewar flask. The tem- 
perature oi this bath was taken as the temperature of the sulfur hexafluoride. This 
was justifiable for several reasons: (1) the bath in some runs was allowed to warm up 
very slowly from one point to the next, not less than six hours being taken for a tempera- 
ture interval of 25"; (2) as will be described 
presently, the bath could be held a t  a given 
temperature for ten or fifteen minutes without 
further change in pressure; (3) check pressure 
readings could be obtained with falling tem- 

I perature. The bath was kept well stirred 
throughout by means of a motor-driven stirrer. 
By the gradual addition of cold alcohol+arbon 
dioxide mixture to the bath it was possible to 
keep the temperature constant (within approxi- 
mately 0.1 O), or by regulating the rate of addi- 
tion, to lower the temperature stepwise and UH u 
thus reach equilibrium from the upper side. &I fl 

Seven runs were made on the vapor 
pressure, the results of which are shown 
in the accompanying table and graph. 
The values designated as* "Experimental 
Data" in the table represent, in general, 
the mean of several determinations a t  
the given temperatures; from these re- 
sults the smooth curve was constructed, 
and from the graph, in turn, the inter- 
polated values given in the table were 
obtained. By interpolation, likewise, 
the temperature a t  which the vapor 
pressure of solid sulfur hexafluoride be- 
comes 760 mm. was found to be -63.S0. 
In the individual runs a check upon the 
purity of the substance was obtained comw, 

by permitting successive fractions of the y, 
same to vaporize, measurements being 
taken before and after the vaporization. 

Fig. 2. 
In three runs, beginning with the solid 
a t  the lowest temperature (about -72O), the vapor pressure readings were 
made a t  intervals with very slowly rising temperature, and were extended 
well above the melting point (-50.8'); readings were then taken while 
the substance was cooled slowly, thus passing from the liquid to  the solid 
state. Further evidence of the purity of the substance is afforded by the 
fact that the measurements recorded were made upon two entirely differ- 
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ent samples of sulfur hexafluoride, independently prepared and purified.I1 

Temp., O C .  

-72.4 
-71.4 
-70.9 
-69.1 
-67.8 
-67.0 
-66.6 
-65.5 
-64.4 
-63.8 
-62.5 
-61.7 
-60.8 
-59.8 

Experimental data 
Press., 
mm. Temp., OC. 

433 -58.3 
460 -57.5 
471 -56.0 
535 -54.8 
588 -53.1 
628 -52.0 
635 -51.1 
686 -50.1 
734 -49.7 
766 -49.1 
827 -47.8 
867 -46.8 
92 1 -46.4 
976 

Press., 
mm. 

1081 
1141 
1248 
1335 
1472 
1581 
1655 
1745 
1772 
1834 
1928 
2007 
2054 

Interpolated from graph 
Press., 

Temp., "C. mm. 

-72.0 445 
-70.0 506 
-68.0 578 
-66.0 660 
-64.0 749 
-62.0 849 1 

-60.0 966 
-58.0 1099 
-56.0 1247 
-54.0 1405 
-52.0 1577 
-51.0 1675 
-50.0 1745 
-49.0 1820 
-48.0 1892 
-47.0 1987 
-46.0 2090 

Melting Point of Sulfur ~exafluoride.-~h; melting point of sulfur 
hexafluoride as given by Moissan is - 55' and by Prideaux -56 to - 5 5 O .  
This value could not be checked by us either from the interpretation of the 
vapor pressure curves or by direct observation of the melting and solidifica- 
tion of a small quantity of the substance contained in a sealed bulb. . The 
melting point of our purified product thus observed was found to be -50.8 
=t0.201 this value being checked repeatedly. The melting point as 
indicated by the break in the vapor pressure curve is in fair agreement with 
this value, but inasmuch as the change of slope a t  the triple point is so 
slight, the precise location of the break in the curve is uncertain. Conse- 
quently, the value given is based mainly upon the result of direct observa- 
tion of the melting point. The low values of the earlier observers we feel 
were due to the presence of impurities. This is also reflected in the case of 
the gas density deterininations which follow. 

Density of Gaseous Sulfur Hexafluoride.-The density of gaseous 
sulfur hexafluoride was determined at  20.0°, using the purified material 
employed in the vapor pressure work. The density globe of known weight 
and internal volume (495.56 cc.) was connected to the sulfur hexafluoride 
bulb, the latter immersed in liquid air, and the system evacuated to less 

11 It may be worth noting that the pressure of the gas at room temperature becomes 
too great for ordinary glass apparatus, but there is no reason why liquid sulfur hexa- 
fluoride may not conveniently be stored in metal cylinders; the equilibrium pressure 
under ordiiary conditions probably would not exceed greatly that of liquid ammonia. 
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than 0.001 mm. By allowing the sulfur hexafluoride to  warm up the 
density globe was permitted to  fill with the gas a t  a pressure of a little more 
than atmospheric. The globe was then removed and placed in a thermo- 
stat a t  20.0° where i t  remained for a t  least fifteen minutes; the stopcock 
was then opened momentarily to bring the gas to atmospheric pressure and 
after another short interval again opened and closed, the barometer reading 

Temperature, OC. 
Fig. 3.-Vapor pressure of sulfur hexafluoride. 

now being taken. The globe and sulfur hexafluoride were weighed by the 
counterpoise method, employing the usual precautions. The external 
volumes of counterpoise and globe differed by not more than 0.5 cc. The  
results given are corrected for the change in volume of the density globe on 
evacuation, and the pressures refer to mercury a t  0'. For the sake of 
comparison with Moissan's determinations, the relative density referred t o  
air is also given, calculated by assuming the average molal weight of air t o  
be 28.98 and that sulfur hexafluoride behaves as a perfect gas over the 
interval involved. The theoretical value for sulfur hexafluoride is 5.04. 
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Pressure, Density Relative density 
mm. g./liter at 2b.00 (air = 1) 

I 753.5 6.091, 5.101 
I1 753.5 6.0949 5.103 
I11 760.5 6.164s 5.114 

5.106 (mean) 

Summary 
1, In the preparation of fluorine, monel metal has been found entirely 

satisfactory for the cathode vessel and diaphragm in the electrolysis of 
fused potassium bifluoride. Graphite as the anode material is slightly 
attacked. Details concerning structural features and operation of the 
fluorine generator are given. 

2,  The synthesis and purification of sulfur hexafluoride are described; 
the method of purification is more complete than hitherto has been de- 
scribed. 

3. The vapor pressure of solid and liquid sulfur hexafluoride has been 
measured up to three atmospheres, the temperature interval covered being 
from -72 to -45'. The pressure becomes 760 mm. a t  - 63.8'. 

4. The density of the gas at 20°, 753.5 mm., is found to be 6.093 g. per 
liter. From this the relative density (air = 1) is calculated to be 5.106; 
theoretical, 5.04. 

5 .  The melting point of pure sulfur hexafluoride is found to be -50.8 + 

0.2O. This is more than 4' higher than the earlier values of Moissan and 
of Prideaux. 

CAMBRIDGE, MASSACHUSETTS 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE UNIVERSITY OF ILLINOIS] 

DEFORMATION OF ELECTRON SHELLS. 11. 
ABSORPTION SPECTRUM, MOLECULAR VOLUME AND 

REFRACTION OF CERTAIN RARE EARTH SALTS 
BY P. W. SELWOOD 

RECEIVED AUGUST 25, 1930 PUBLISHED NOVEMBER 5, 1930 

In the first paper of this series1 it was pointed out that there is a relation 
between the absorption spectrum and other properties of neodymium per- 
chlorate. The object of the present work was to extend the observations 
to the nitrate and chloride of neodymium and, so far as possible, to other 
members of the rare earth group. 

Experimental 
The experimental procedure involved in the measurements described 

here will be given only wherein it differs from that already reported. 
The quantitative analysis of neodymium nitrate solutions presented a 

1 Selwood, THIS JOURNAL, 52,3112 (1930). 
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much simpler problem than either the perchlorate or the chloride. 
Weighed samples of the solutions were evaporated to dryness and ignited 
directly to the oxide. The whole analysis took less than an hour, and the 
results are believed to be accurate to 0.05%. 

In the case of the neodymium chloride it was necessary to use the oxalate- 
oxide method as described for the perchlorate determination. In  every 
case the filtrate from the neodymium oxalate was tested spectroscopically 
for neodymium, and the oxide, after being weighed, was dissolved in nitric 
acid and tested for chloride. The absence of chloride in any of the samples 
indicates that neodymium oxalo-chloride does not form in noticeable 
amounts if the rare earth is precipitated slowly from the hot, dilute solu- 
tion, with fairly dilute oxalic acid. The chloride results are believed to be 
accurate to 0.1%. 

The determinations of density and of refractive index were as described 
before. All the data on molecular refraction refer to the hydrogen C line. 
The molecular volumes were calculated as shown by Geffcken2 from the 
relation 

M 3000 (d - do) v = - -  
do N 

where V is molecular volume, M is molecular weight, d is density of the 
solution, do is density of water and N is concentration in equivalents per 
1000 cc. of solution. 

In addition to the absorption bands of neodymium nitrate and cliloride, 
an examination was also made of the spectrum of praseodymium, samarium, 
europium, gadolinium, holmium and erbium. In all cases the spectrum of 
a 10 N solution through a 3-rnm. layer was compared with that of a 0.2 N 
solution through the equivalent thickness of 150 mm. 

In the case of the gadolinium, which has no absorption bands in the 
visible region of the spectrum, the procedure was modified in that uranium 
salts placed in the positive crater of a carbon arc forined the source of ultra- 
violet illumination. The very large number of emission lines from uranium 
served in place of a continuous spectrum. It has recently been reported 
by Freed and Spedding3 that gadolinium has some faint absorption lines in 
the visible region. In an effort to verify these results, the writer examined 
the spectrum of a 150-mm. layer of 10 N gadolinium nitrate, but no trace of 
selective absorption could be detected. The spectrum was photographed 
on a Hilger E 1 quartz prism spectrograph. 

During the course of the work on neodymium nitrate soluitions i t  seemed 
desirable to examine the absorption spectrum of a crystal of the same salt. 
Well-formed crystals were prepared from a saturated solution which was 
slowly evaporated. They were soft and easily broken, but several pieces 

Geffcken, 2. physik. Chem., 5B, 81 (1929). 
3 Freed and Spedding, Phys.  Rev,, 34, 945 (1929). 
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with smooth surfaces were obtained by rubbing the crystal down with the 
moist finger tip. In order to prepare a dilute solution of equivalent thick- 
ness with which to compare the spectrum of the crystal it was necessary to 
determine the concentration of neodymium nitrate in equivalents per 
1000 cc. of crystal. This was done by analyzing a crystal for neodymium 
content by ignition to the oxide, and by finding the density through the 
loss of weight in benzene, in which neodymium nitrate is insoluble. Two 
such determinations gave 15.13 and 15.11 as the normality of Nd(N0s)~ 
in the crystals. The crystal finally used for the spectroscopic work had a 
thickness of 1.70 mm. This was equivalent to 100 mm. of 0.257 N solution 
with which it was compared. 

The purity of the neodymium used has already been discussed. All the 
other rare earths except the praseodymium and the erbium had been pre- 
pared by tbe writer, some expressly for this work and some in connection 
with other work. The praseodymium contained 1% of lanthanum. The 
samarium showed no absorption bands of neodymium and no arc lines of 
europium. The europium, of which only a gram or two was available, was 
free from all other rare earths. The gadolinium contained only a spectro- 
scopic trace of europium. The holmium and erbium material consisted 
largely of the colorless rare earth yttria. The first contained 26y0 hol- 
mium, and the second 20% erbium. 

Fig. 1.-Deviations from additivity in the molecular refraction of 
neodymium perchlorate, nitrate and chloride in aqueous solution. 

Results 

The values for the molecular volume and refraction of neodymium ni- 
trate and chloride are shown in Tables I and 11. Figure l shows the 
deviations from additivity when the molecular refractions of the nitrate 
and chloride are plotted against concentration. For the sake of complete- 
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TABLE l 
MOLECULAR VOLUME AND REQRACTION OF NEODYMIUM NITRATE IN AQUEOUS SOWTIOX 

% Nd(N0a)r Temp., Refr. index Mol. Mol. 
by weight Normality OC. Density 6563 A, volume refraction 

11.92 1.197 24.6 1.1054 1.34858 59.88 36.07 
19.14 2.050 24.8 1.1792 1.35966 64.71 36 07 
26.50 3.046 24.3 1.2652 1.37268 67.24 36.09 
34.49 4.292 24.2 1.3698 1.38800 70.76 36.10 
38.56 5.006 25.2 1.4290 1.39637 72.35 36.04 
42.95 5 825 25.2 1.4930 1.40530 75.79 36.21 
48.32 6.965 25.7 1.5867 1.41812 77.23 36.02 
52.76 7.966 25.8 1.6620 1.42815 80.80 36.19 
58.02 9.279 26.0 1.7604 1.44115 84.44 36.33 
60.10 9.820 25.8 1.7986 1.44604 86.36 36.34 

TABLE I1 
MOLECULAR VOLUME AND REFRACTION OF NEODYMIUM CHLORIDE IN AQUEOUS SOLUTION 

% NdCh Temp., Refr. index Mol. Mol. 
by weight Normality OC. Density 6563 A. volume refraction 

13.46 1.830 26.6 1.1357 1.35898 23.49 29.93 
20.40 2.978 26.9 1.2198 1.37570 26.51 30.07 
25.37 3.914 27.0 1.2890 1.38922 28.01 29.91 
30.53 4.993 2 7 6  1.3664 1.40356 29.23 29.65 
35.01 6.031 2 7 8  1.4393 141724 31.22 29.58 
38.18 6.855 24.6 1.5001 1.42873 31.26 29.40 
44.84 8.739 25.2 1.6283 1.45228 34.69 29.33 
47.55 9.639 25.0 1.6936 1.46360 34.72 29.03 

ness the values previously reported for the perchlorate are included. 
While the perchlorate showed a 2% increase with concentration from 0 to 
7 N, the nitrate shows a 1% in- 
crease from 0 to 10 N, and the 
chloride shows nearly a 30jo de- 1 N 
crease from 0 to 10 N. Over the 
same ranges of concentration the 
molecular volumes of these salts 8 N 

show a marked increase, the per- 
chlorate 120/,, the nitrate 27% Crystal 
and the chloride 3670. 

In general the absorption bands 
of the neodymium solutions were t t t 9  
shifted toward the red end of the 4 4 4 

0 8 0 

3 C13 
0 

spectrum by increasing concen- cfl 0.1 + 
tration. In the case of the per- Fig. 2.-The 4272 A. absorption line of 
chlorate the shifts were small, in neodymium nitrate. 

most instances of the order of 
1 or 2 A., while both nitrate and chloride concentrated solutions showed 
marked shifts toward the red, those of the latter salt sometimes appraach- 
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ing 20 A. The spectra of the dilute solutions of all the salts were prac- 
tically identical. 

As indicated in Figs. 2 and 3, the spectrum of the neodymium nitrate 
crystal showed a markedly increased shift in the same sense as did that of 

Fig. 3.-Microphotometric curves of the absorption spectrum of 
neodymium nitrate, showing the effect of concentration on the 
positions of the various bands. 

the more concentrated solution. It is evident that whatever forces were 
causing the shifts in the solution were acting more intensely in the crystal. 

5900 A. 4810 A. 4690 A. 4430 a. 
D, 0.2 N Pr(NO& through 150-mm. layer; C, 10.0 N ~ r ( ~ 0 3 ) s  

through 3-mm. layer. 
Fig. 4.-Part of the absorption spectrum of praseodymium nitrate. 

This observation parallels that of B r ~ n e t t i , ~  who reached the same con- 
clusion in the case of praseodymium salts. 

4 Brunetti, Nuovo cimelzto, [N. S.] 5, 391 (1928). 
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The spectral bands of praseodymium, samarium and europium also 
tended to  shift toward the red with increasing concentration. The nitrate 
was investigated in every case. The bands of praseodymium were all 

(Eu) 5250 A. 4980 A. 4760 A. 4630 A. 
D, 0.2 N Sm(NO8)s through 150-mm. layer; C, 10.0 N Sm(N0a)a 

through 3-mm. layer. 
Fig. 5.-Part of the absorption spectrum of samarium nitrate. 

shifted slightly toward the red, those of samarium were very slightly if a t  
all shifted except the broad band at 4020 A., which was noticeably moved 
toward the red. All the visible bands of europium seemed to be very 

D, 0.2 N Eu(N0J3 through 150-mm. layer; C, 10.0 N Eu(NO& 
through 3-mm. layer. 

Fig. 6.-Part of the absorption spectrum of europium nitrate. 

slightly shifted toward the red. The relative intensities were also much 
changed. A few bands in the ultraviolet were too hazy to make any 
definite statement about their positions. 

At the concentrations employed no bands of gadolinium were observed a t  
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3108, 3059, 3056 or 3052 A.,K where they have previously been reported. 
Several bands reported by Freed and Spedding, however, were found. Of 
these, the two a t  2730 and 2750 A. were most intense in the cases of both 
nitrate and chloride. While the nature of the bands was altered by con- 

centra t ion,  i t  i s  doubtful  
whether there was any definite 
movement one way or another. 

The bands, however, of hol- 
mium and erbium were gener- 
ally shifted toward the blue, the 
change being most noticeable 
for those a t  4530, 4850 and 
5350 A. for holmium, and 4430, 
4490 and 0520 A. for erbium. 
This peculiar change is so strik- 
ing as to suggest some radical 

2755 8. 2737 A. 2725 A. difference in the atomic struc- 
D, 0.2 N GdCb through 150-mm- layer; C, ture of these last rare ele- 

10.0 N GdCb through 3-mm. layer. 
Fig. 7.-Absorption bands of gadolinium chloride. 

ments. Such a change is, in 
fact, postulated in the current 

theories of atomic structure, inasmuch as the 44 electron shell is believed to 
complete its first sextet with e~rop ium.~  But the interpretation of the 

phenomenon is not entirely clear and it seems a t  the present time to be 
impossible to generalize further with respect to the effect of increasing 
concentration so far as direction of shift is concerned. 

Little, "A Textbook of Inorganic Chemistry" (Friend), London, Vol. IV, 1921, 
p. 289. 

Hevesy, "Die seltenen Erden von Standpunkte des Atombaues," Springer, Berlin, 
1927. 

h C 

! 
/-1 D 

5360 A. 4830 A. (Eu) 4650 A. 4520 A. 
D, 0.2 N H o ( N O ~ ) ~  through 150-mm. layer; C, 10.0 N, Ho(NOJ3 

through 3-mm. layer. 
Fig. 8.-Part of the absorption spectrum of holmium nitrate. 
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As pointed out before, the classical dispersion formula shows that  a 
decrease in characteristic frequency (shift toward the red) should be at- 
tended with an increase of molecular refraction. Such is what has been 
observed for the cases of neodymium perchlorate and nitrate. 

Fajans and others have shown that while the perchlorate ion is only 
sIightly influenced by its neighbors, the nitrate ion is somewhat deformed 
and the chloride ion is very highly deformed. While deformation of a 
cation results in an increase of refraction, deformation of an anion results in 
a decrease of refraction. It appears then that the increase in refraction of 
the neodymium ion is partly compensated by the decrease of the nitrate, 
and it is completely so and more by that of the chloride. The decrease in 

(Eu) 5250 A. 5230 k. 4870 k. (Eu) 4650 A. 4500 A. 
LD, 0.2 N Er(N03)a through 150-mm. layer; C ,  10.0 N Er(N0s)r 

through 3-mm. layer. 
Fig. 9.-Part of the absorption spectrum of erbium nitrate. 

refraction of neodymium chloride is, therefore, in no way evidence against 
the conclusion that a shift toward the red of absorption bands is generally 
attended with an increase of refraction. It appears, then, from both 
refraction and spectroscopic evidence that the outer electron shell of the 
neodymium ion must be deformed in concentrated solution, and that  this 
deformation is communicated in part, at least, to the inner electron shells 
thought to be the source of the characteristic absorption bands, 

The writer wishes to thank Professor B. Smith Hopkins, in whose 
laboratory this work was done, for the invaluable advice and encourage- 
ment which he has from time to time supplied. 

Summary 
The molecular refraction of neodymium nitrate has been found t o  in- 

crease slightly with concentration, while that of the chloride decreases. 
The molecular volume of both salts is increased. The absorption bands are 
shifted toward the red. These measurements afford evidence that  the 
neodymium ion is deformed in the more concentrated solutions. The 
absorption bands of praseodymium and samarium nitrates are also shifted 
toward the red. The bands of europium and gadolinium are not much 
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altered in position, while those of holmium and erbium are noticeably shifted 
toward the blue. 

URBANA, ILLINOIS 

[CONTRIBUTION FROM THE CHEMICAL LABORATORIES O F  THE UNIVERSITY OF CHICAGO] 

STUDIES ON COMPLEX IONS. 
1II.l THE RELATIVE STABILITIES OF THE 

HALOGENOPLATINATES 
BY H. I. SCHLESINGER AND R. E. PALMATEER~ 

RECEIVED AUGUST 30, 1930 PUBLISHED NOVEMBER 5, 1930 

As part of a study of the factors which determine the cond1tion.s under 
which complex ions are formed, a determination of the relative stabilities in 
solution of a series of complex ions of similar types has become desirable. 
Schlesinger and Tapley3 have shown that the halogenoplatinates are 
mutually and reversibly convertible into each other, and are therefore 
suitable for such an investigation. 

The usual method of determining the "stability" or "instability" 
constants of such ions is inapplicable to this case, for aqueous solutions of 
the halogenoplatinates contain no detectable quantities of the free platinic 
ions. Relative values of the stabilities might, however, be obtained if the 
amount of transformation of one halogenoplatinate into the other could be 
determined in the presence of given quantities of halide ions. But even 
such measurements present difficulties, for the reactions involved probably 
proceed in many steps, leading through all of the theoretically possible 
mixed halogenoplatinates. No method available allows a determination of 
each of the seven possible components of such a system. 

It nevertheless has become possible to obtain approximate relative values 
by the following procedure. When, for example, a chloroplatinate is 
mixed in aqueous solution with a bromide and a chloride in suitable pro- 
portions, a reaction occurs which leads to the formation of a mixture inter- 
mediate in color between that of the pure chloroplatinate and the pure 
bromoplatinate. An identical mixture, a t  least so far as the color is con- 
cerned, is obtained if the starting material is the bromoplatinate, a fact 
which demonstrates that a state of true equilibrium is attained. By 
comparing photometrically the color of such solutions with mixtures of 
chloro and bromoplatinates of known concentration, one could estimate the 
percentage of transformation of the one platinate into the other were no 

For the preceding papers of this series see THIS JOURNAL, 51,3520,3523 (1929). 
This paper is taken from a thesis presented by R. E. Palmateer to the Faculty of 

the Ogden Graduate School of Sciences of the University of Chicago, in part fulfilment 
of the requirements for the degree of Doctor of Philosophy. 

Schlesinger and Tapley, THIS JOURNAL, 46, 276 (1924). 
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intermediate chloro-bromoplatinates formed. From this percentage trans- 
formation one could then calculate the ratio of the concentrations of the 
two complex ions. But, as will be demonstrated in the experimental 
part of this paper, intermediate complex ions are undoubtedly present, 
and the color of the solutions is, on that account, not a direct measure of the 
percentage transformation nor of the ratio of the concentrations of the 
complex ions. However, as the calculated ratios approach zero or infinity 
the fictitious values must approach the true ratio. That this assumption is 
warranted is shown by the fact that under these conditions the colors, as 
well as the absorption spectra, approach those of the pure complex ions. 
Hence, by plotting the values of these fictitious ratios4 against the ratios of 
the concentrations of the simple halide ions involved in the reaction, and 
extrapolating the curves to a point representing practically complete 
transformation, one can determine at what concentrations of the simple ions 
the transformation of the one complex ion into the other becomes complete. 
The extrapolation proved to be unexpectedly reliable because the curves 
proved to be straight lines. 

Ratios of the simple ions found in this way to be necessary almost com- 
pletely to transform one of the halogenoplatinates into the other are very 
striking. To convert 99% of bromoplatinate5 into chloroplatinate, the 
solution must contain approximately 660 times as much sodium chloride as 
sodium broniide, and to produce the corresponding result in the reaction 
between iodoplatinate and bromoplatinate, there must be present ap- 
proximately 25,000 times as much sodium bromide as sodium iodide. 
From these data we have estimated, by a method to be described below, 
that to convert iodoplatinate ions almost completely into chloroplatinate 
ions, the solution must be approximately 16,600,000 times as concentrated 

4 These fictitious ratios, calculated from the colorimetric data, will hereafter be 
called the "apparent ratios" and the corresponding percentage transformation will be 
called the "apparent yo transformation" and will be designated by the letter P. 

The choice of 99% for the calculation was based on the following reasons. Theo- 
retically, 100% conversion cannot occur until the concentration of one of the simple 
halide ions reaches infinity. The data obtained could have been used to calculate the 
ratio of the simple ions required to produce any degree of transformation below 100%. 
but such calculations have a concrete meaning only for almost complete transformation, 
because only under that condition is the color a measure of the amount transformed. 
Another point of importance should be noted a t  this time. While i t  is undoubtedly 
true that the "apparent ratios" (see footnote 4) approach the true ratios, the two 
values might still be fairly widely different even at  99% transformation; but that  is of 
no significance. In  the transformation of bromoplatinate into chloroplatinate, for ex- 
ample, the color of the solutions is practically identical with that of the latter substance 
when the "apparent ratio" is 99:l. Hence practically all of the material is in the form of 
chloroplatinate. The remaining lyo may be largely an intermediate ion instead of 
bromoplatinate. Consequently the true ratio may be far from 99; but 99% of the ma- 
terial is nevertheless in the form of the chloroplatinate, and this is the quantity in which 
we are interested. 



"4318 H. I. SCHLESINGER AND R. E.  PALMATEER VO~. 52 

with respect to sodium chloride as to sodium iodide. An attempt was made 
to determine the corresponding quantities for the equilibrium between 
fluoroplatinate3 and iodoplatinate. The reaction requires months for 
completion at ordinary temperatures, and the solutions attack glass vessels 
and gndergo decomposition. For these reasons no reliable data have been 
obtained, but the results indicate that the great difficulty of transforming 
fluoroplatinate into the other ions is possibly due in part to the sluggishness 
of reaction rather than entirely to inherent stability. 

It is interesting to point out that the results here reported demonstrate 
how enormously greater is the tendency of iodide ion than of bromide ion, 
and of bromide ion than of chloride ion, to enter the coordination sphere in 
the case of the platinates. In the case of some of the solid ammines of 
chromium and certain other metals, according to the data obtained in this 
Laboratory and elsewhere,%e reverse is true. Whether the difference is 
to be explained by the influence of changes in lattice energies in reactions 
between solid compounds as has been ~uggested,~ or is to be accounted for 
by specific influences of the central atoms, can be decided only when further 
data have been collected. The most likely cause for the difference, how- 
ever, would seem to be that, in the platinates, the halogen ions are con- 
tained in a negative complex ion, while in the other compounds mentioned 
they are in a positive complex ion. 

In the course of this investigation we have had occasion to review the 
evidence on which rests the idea that all possible intermediate halogeno- 
platinate complexes exist, and to contribute further data along these lines. 
We have made some interesting observations on the rates at  which equi- 
libria in such mixtures are established, as we11 as on some other properties 
of the halogeaoplatinates. These observations as well as additional phases 
of the interpretation of our data will be taken up below. 

Experimental 
heparation of Materials.-The platinum from which the salts were prepared was 

purified by recrystallizing sodium chloroplatinate from alcohol and further by the pro- 
cedure of Mylius and Ma~zucchelli.~ From the platinum thus purified sodium chloro- 
platinate was prepared according to the method of Precht.8 - Potassium bromoplatinate was obtained according to the procedure of Biilmann 
and Andersen? and further purified by two recrystallizations, which yielded a product of 
constant absorption spectrum. The corresponding sodium salt was obtained by adding 
a dilute solution of sodium bicarbonate to bromoplatinic acid, an intermediate product 
in the preparation of the potassium salt. The solution was evaporated to a sirupy 
consistency on a water-bath and dried in a vacuum desiccator over phosphorus pentox- 

@See Ref. 1 and Biltz, 2. anorg. allgem. Chem., 130, 93 (1923); 166, 351 (1927). 
Other references will be found in the articles cited. 

7 Mylius and Mazzucchelli, 2. anorg. Chem., 89, l  (1914). 
8 Precht, 2. anal. Chem., 18, 509 (1879). 
* Biilmann and Andersen, Ber., 36,1565 (1903). 
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ide. The resulting solid was dissolved in absolute alcohol, the solution filtered and 
treated with ether to precipitate the sodium bromoplatinate.1° Von Bonsdorffl1 claims 
to have prepared sodium bromoolatinate bv the addition of sodium bromide to bromo- . . 

platinic acid; but sodium bromide is less soluble in water or in alcohol than is sodium 
bromoplatinate, and his method therefore leads to no results. 

Datta'slbethod for the preparation of potassium iodoplatinate was used, and that  
of Schlesinger and Tapleya for the potassium flnoroplatinate. In  the latter case it was 
found preferable to heat the mixture of platinum and the double salt of lead tetrafluoride 
to just below the melting point of the latter, because under these conditions a better 
yield was obtained than that described in the earlier paper. 

Sodium chloride and sodium iodide were purified by repeated recrystallization from 
commercial salts of good quality. The iodide was shown by the usual methods t o  be free 
from chloride. Sodium bromide was prepared from repeatedly redistilled hydrobromic 
acid and sodium bicarbonate. The final product contained too small a quantity of 
sodium chloride to be detected by the ordinary methods of titration. Sodium fluoride 
was prepared similarly from hydrofluoric acid. The usual drying of these salts by heat- 
ing them to redness in platinum vessels was omitted, as it was shown spectroscopically 
that such a procedure introduced traces of the corresponding platinates. la 

The measurement of the "apparent % transformation" could not be 
made by a direct comparison of the color of the unknown solutions with 
that of solutions containing known amounts of the halogenoplatinates in 
question, because synthetic mixtures cannot be prepared. Both bromo 
and iodoplatinates undergo moderately rapid decomposition in pure 
water. To stabilize the former a soluble bromide and for the latter an 
iodide must be added to  the solutions. If these stabilizing salts were 
added to a mixture of these two platinates or to a mixture of either of them 
with a chloroplatinate, partial transformation to the more stable complex 
ion would occur. 

It was, therefore, necessary to calculate from the color intensity of the 
separate halogenoplatinates what must be the color intensity of mixtures of 
the two salts. To do this we first proved both colorimetrically and spectro- 
photometrically that each of the salts obeyed Beer's law. Next it was 
found, for example, that a column of 0.0016 molar sodium chloroplatinate 
50 mm. long matched the color of a 3-mm. column of 0.0016 molar sodium 
bromoplatinate14 in a Kober colorimeter. Consequently if PO/o of the 
chloroplatinate in the first solution were transformed to  bromoplatinate, 
a column N mm. in length would have to be used to match a 10-mm. col- 
umn of the 0.0016 molar standard bromoplatinate solution when 

10 This salt is so hygroscopic that we did not weigh it out in making up the standard 
solutions, but determined the strength of the solution prepared by colorimetric compari- 
son with a standard solution of the potassium salt. 

l1 Von Bonsdorff, Pogg. Ann., 19,344 (1830); 33,61 (1834). 
l2 Datta, THIS JOURNAL, 35, 1186 (1913). 
'3 The amount of platinate was less than 0.00002 molar in the saturated solutions 

of the simple salts, but was easily discernible in the spectra. 
14 The standard solutions of this salt always contained sufficient sodium bromide to 

prevent hydrolysis. 
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The values of P in this equation are what have been called the "apparent aJo 
transformation" in the preceding discu~sion.~ For the reaction between 
bromo and iodoplatinates a similar procedure was used, except that the 
color of the mixtures was compared with that of a 0.0001 molar iodo- 
platinate solution stabilized by sodium iodide. The equation for calculat- 
ing the percentage transformation, obtained as described for the preceding 
case, was 

Although this method gives fairly satisfactory results, it suffers from the 
difficulty that, in spite of the fact that dilute solutions of these various 
platinum salts are similar in color, the shades are not exactly alike. For 
this reason colorimetric readings are difficult to duplicate for a given mix- 
ture more closely than to 1% in the most favorable case, that is, when the 
apparent transformation is about 50%, and to 7% in the least favorable 
cases, that is, when the reaction has gone nearly to completion toward the 
formation of the less intensely colored compound. Ten to fifteen readings 
were therefore made of each solution, and all the solutions were made up in 
several portions. Consequently each of the "apparent O/o transformations" 
tabulated below is really the average of from thirty to sixty readings. 
Since the errors are less marked in dilute than in concentrated solutions, the 
former were used exclusively. Finally, measurements were restricted to 
solutions of from three to five different concentrations of the platinum 
salts, because for each concentration the constants for the equations given 
above had to be redetermined. 

It might be expected that provision would have to be made for keeping 
the mixtures at constant temperature both while equilibrium is being 
reached and during the measurement of the color, but this was found to be 
unnecessary for the degree of precision to which we were limited by the 
sources of error described. Thus we observed that even though the 
solutions were kept in the colorimeter for from ten to twenty minutes for 
measurement, there occurred no change in the reading greater than the 
reading error itself. Unquestionably this is in part due to the slowness of 
the transformation of bromoplatinate into chloroplatinate and vice versa, 
but the lack of disturbance caused by temperature changes must be largely 
due to a very small temperature coefficient for the equilibrium condition. 
This is shown by two facts. In the first place, the data obtained from 
solutions kept at 25' in a thermostat did not differ from data on solutions 
kept in the room. In the second place, the colors of the equilibrium mix- 
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tures for the transformation of iodoplatinate into bromoplatinate also 
remained constant in the colorimeter although in this case equilibrium is 
attained in a few minutes. 

Rate of attainment of equilibrium is greatly affected by light. The 
reaction between a bromoplatinate and a chloride in a mixture exposed t o  
the light of a north window came to completion in three days; another 
portion of the same solution was kept in a thermostat in a blackened flask, 
and did not reach equilibrium before the fiftieth day. Nevertheless, the 
final equilibrium reading was the same in the two cases. Consequently 
there is a great advantage in keeping the mixtures exposed t o  light instead 
of in a constant temperature bath, and the data presented below, therefore, 
refer to  the reaction a t  room temperature, i. e., from 20-25'. 

In Table I are given the experimental results for the equilibrium between 
chloroplatinate and bromoplatinate ions. The first column gives the 
initial concentration of the platinates in moles per liter. The subscript B 
indicates that equilibrium was reached from the bromoplatinate, the 
subscript C that the equilibrium was reached from the chloroplatinate side 
of the reaction. The second and third columns give, respectively, the 
initial concentrations of the sodium chloride and the sodium bromide in 
moles per liter. The length of column of the equilibrium mixture required 
for a color match when read against a 10-mm. column of a solution of 
potassium bromoplatinate of the same concentration as that of the platinate 
in the original solution is given in the fourth column. l6 The fifth column is 
the "apparent yo transformation" of chloroplatinate into bromo- 
platinate, defined and obtained as has already been described. Obviously 
the transformation of the one halogenoplatinate into the other must be 
accompanied by decrease in the concentration of one of the simple halide 
ions and a corresponding increase in the other. Hence the equilibrium 
ratio of the simple halides differs from the ratio of the initial concentrations. 
To calculate the former we again proceeded as if no intermediate platinate 
ions were formed. Consequently these ratios are also fictitious, but they, 
too, must approach the real values as the "apparent yo transforma- 
tion" approaches 100. In  fact, in most of the experiments the change in 
the ratio of the simple salts resulting from transformation of the platinates 
is very small, since a large excess of the simple ions was usually present. 
The calculation of the equilibrium ratios from the "apparent yo trans- 
formations" is thus made on the basis of the chemical change represented 
by the equation 

6NaY f NazPtXe ;c;;L 6NaX + NazPtYe 

16 Potassium bromoplatinate was used as a standard because it can be weighed out 
accurately while the sodium salt is too hygroscopic; but in the equilibrium mixtures the 
sodium salts had to be used because potassium chloroplatinate would be precipitated 
from the solution and the equilibrium, therefore, disturbed. 
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in which X and Y represent halide ions. In Col. 6 are given the equi- 
librium ratios of the halide ions, and in Col. 7 the corresponding ratios for 
the platinate ions. As was pointed out above, when these ratios are plotted 
against each other, a straight line results. Hence, the prodilct of the one 
set of ratios by the reciprocal of the other is a constant, the value of 
which is shown in Col. 8. 

TABLE I 
EXPERIMENTAL DATA 

Halogeno- Sodium Sodium Reading, O/o Trans- Equilibrium ratios 
platinate chloride bromide H formation, Pa NaBr/NaCI PtBrdPtCle Const. 

0.0016~ 1.3 0.034 54.4 13.37 0.02513 0.154 0.163 
.0016c 1.1 ,0325 50.18 15.25 .02514 .18 .I56 
.0016c 0 .9  .027 48.8 36.00 .02817 .19 .I48 
.0016c 1.0 .033 46.3 17.12 .03125 .208 .I55 
.0016c 1.1 .039 45.87 17.25 .03387 .212 .I59 
.0016c 1 .U .OW 45.3 17.75 .03674 .214 .I71 
.0016c 1.3 .051 42.5 19.4 .03775 .24 .I57 
.0016c 0.85 .0374 40.83 20.4 .0416 .256 .I62 
.0016c 1.0 .044 36.98 23.08 .0417 .2975 .I40 
.0016c 1.0 .044 40.9 20.42 .MI96 .256 .I64 
.0016c 0.65 .03575 34.87 24.4 .05109 .318 .I61 
.0016c 1.0 .055 32.52 26.42 .0522 .356 .I46 
.00160 1.0 .055 34.7 24.5 .0525 .329 .I59 
.0016c 1.0 .055 34.8 24.4 .05254 .32 .I61 
.0020c 0.95 .055 25.97 26.0 .0544 .358 .I52 
.0017977~ 1.0 .05 26.41 29.46 .0581 .418 .I39 
,0017977B 1 .O .055 25.82 30.29 .063 .433 .I45 
.0016c 0.55 .0385 30.63 28.12 .06477 .391 .I65 
.0016c .7 .05 30.17 28.7 .0672 .404 .I66 
.0016n .85 .05 30.19 28.7 .0674 .404 .I67 
.001387B .7 .05 30.32 32.6 .080 .4849 ,165 
.0016c 1.0 .088 24.43 37.98 .084 ,606 .I38 
.O02Oc 0.55 .055 19.7 36.75 .091 .588 .I55 
.0016c .5 .05 22.55 41.4 .0915 .695 .I33 
.0016c .55 .055 24.6 36.75 .09299 .586 .I58 
.0017977~ 1 . O  .088 19.36 33.75 .0949 .739 .I28 
.0017977~ 1.0 .1 18.9 43.7 .lo72 .777 .I38 
,0016~ 0.55 .066 21.41 43.375 .I115 .77 .I44 
.00177~ .45 .05 18.21 46.6 .I25 .872 .I43 
.0020~ .45 .0675 15.98 47.0 .I358 .877 .I54 
.0016c .45 .0675 18.56 50.75 .I408 1.04 .I36 
.0016c .45 .0675 18.71 50.5 .I410 1.01 .I40 
.0016c .43 .07 19.42 48.5 .I505 0.942 .I59 
.0016c .41 .0738 17.61 54.0 .I602 1.18 .I40 
.00177~ .43 .07 15.83 54.4 .I76 1.18 .I49 
.0020c .41 .082 13.85 55.00 .I81 1.22 .I41 
.0016c .41 .082 16.77 57.5 .I8413 1.34 .I37 
.0016c .41 .082 1684  57.0 .I8416 1.32 .I40 
.0016c .33 .0762 16.3 59.0 .I993 1.44 .I38 
.00177~ .415 .085 14.64 59.4 .2175 1.485 .I49 
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TABLE I (Concluded) 
Halogeno- Sodium Sodium Reading, % Trans- Equilibrium ratios 
platinate ctrloride bromide H formation, Po MaBr/NaCl PtBre/PtCls Const. 

0.0016~ 0.33 0.0825 15.76 61.2 0.228 1.58 0.144 
.0016c .4 .1 16.75 57.2 .233 1 345 .I73 
.00177~ .4 .1 13.55 64.2 .262 1.807 .I45 
.0020c .25 .075 12.2 63.5 .2626 1.74 .I51 
.0016c .25 .075 14.66 65.5 .2679 1.94 .I38 
.0016c .23 .07 14.7 65.5 .269 1.91 .I41 
.00160 .25 .0875 14.13 68.5 .3153 2.2 .I41 
.0016~ .I6 .05 15.16 6 5 0  ,341 1 .85 .I84 
.001387~ .37 .13 15.4 71.9 .36 2.555 .I41 
.0016c 1.00 .375 13.44 72.95 .366 2.635 .I38 
.00160 0.35 .15 13.36 73.0 .401 2.735 .I46 
.0016c .2 .1 12.78 77.0 .446 3.35 .I33 
.0016c . 5  .25 12.9 76.47 .478 3.163 .I51 
.0016c .32 .18 13.06 75.2 .527 3.2 .I65 
.0016c .2 .15 12.32 80.0 .686 4.00 .I71 
.0017977~ .5 .375 10.46 85.08 .756 5 .3  .I42 
,0017977~ .25 .25 1 0 . 2 1 ~  86.39 1.01 6.4 .I58 
" I t  must be borne in mind that the equations given above for calculating "P" 

from " H  merely show the principles employed. The solutions actually used as color 
standards did not always have exactly the same concentration as the experimental 
solutions, and the values of "P" in the table are corrected for this difference. Further- 
more, "P" represents the fraction present as bromoplatinate irrespective of the side 
from which equilibrium was reached. Similar considerations apply to Table 11. 

It will be seen from the table that there are considerable deviations from 
the linear relationship between the "apparent % transformation" and 
the ratio of the concentrations of the simple halide ions. These devia- 
tions, however, show no trend, and can be fully accounted for by the un- 
avoidable reading errors which have already been discussed. T o  show a t  a 
glance that the deviations are symmetrical throughout, we have reproduced 
the experimental results in Fig. 1. Instead of plotting the two ratios 
directly, we calculated from the constant what should be the curve for the 
plot of the "apparent" ratio of the concentration of complex ions against 
the logarithm of the "apparentJ' ratio of the concentrations of the simple 
ions. These curves are shown in solid lines; the circles representing the 
experimental data show no trend. 

The data furthermore show that the equilibrium is determined by the 
ratio of the concentrations of the substances involved rather than by the 
values of the concentrations themselves. Thus, for example, there are two 
mixtures in which the apparent ratio of the concentrations of the sodium 
bromide to sodium chloride was 0.262 at  equilibrium. Although one of 
these solutions contained 0.1038 mole of sodium bromide and 0.3962 mole of 
sodium chloride and the other 0.0674 mole of bromide and 0 2576 mole of 
the chloride. the constant for the first set of data is 0.145 and for the second 
set 0.151. The difference between the two values is accounted far by a 
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reading error of l%, which is well within the limit attainable in the experi- 
ments. These two solutions illustrate also that the changes in the concen- 
tration of the platinate are without effect on the constant, for the first 
solution was 0.00177 molar with respect to this constituent and the second 
0.0020. It should be stated, however, that the platinate concentrations 
were not varied between wide limits for reasons discussed previously. 
Numerous other cases showing that the constant is independant of the 
initial concentrations will be found in the table. 

Fig. 1.-Curve I, [NazPtBr~]/ [Na~PtCld; Curve 11, 
[KzP~IBI/ [KzPtBrB I. 

From the average value of this constant we may now calculate the condi- 
tions under which bromoplatinate is 99% transformed to chloroplatinate. 
For, as has already been said, as the "apparent 010 transformation" ap- 
proaches 100% it also approaches the value of the real per cent. transforma- 
tion. The equation by which the constants of Table I were calculated is 

in which the bracketed symbols denote molar concentrations. If [NaBr] 
= 1, the ratio [NazPtCl6]/[NatPtBr6] becomes 99 when [NaCl] = 669. 
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In Table I1 are given the corresponding data for the equilibrium between 
iodoplatinate and bromoplatinate ions. In addition to the difficulties of 
measurement mentioned above, another source of error proved trouble- 
some in this case. Very small traces of alkali, even those dissolved from 
glass by the solutions, cause decomposition of the iodoplatinate. To  pre- 
vent this, bromide ion was supplied in part in the form of hydrobromic acid. 
In these solutions, however, iodine is fairly rapidly liberated, probably on 
account of reduction of the platinum to the platinous condition since the 
reaction occurs in solutions free from oxygen. Fortunately the liberation 
of iodine is much dower than the attainment of the equilibrium under 
investigation, and causes no serious difficulty if the measurements are made 
rapidly. The great difference in speed of attainment of equilibrium in the 
reaction between chloro and bromoplatinate and in that between bromo 
and iodoplatinate is of considerable interest. For the present we can state, 
however, only that in the former case equilibrium was reached in about 
three days in daylight, while in the latter only thirty to eighty minutes 
are necessary. 

TABLE I1 
EXPERIMENTAL DATA 

Halogeno- Bromide Sodium Reading, % Trans- Equilibrium ratio 
platinate concentration iodide H formation, P NaI/HBr PtIe/PtBrs Constant 

0.00011 0.8462 0.011 12.93 76.7 0.01318 3 .29  0.00400 
. 0 0 0 1 ~  1.6924 .02 13.5 73.5 .01155 2.777 . a 1 6  
.00011 0.8462 .006 15.05 65.5 .00722 1.90 .0038 
. 0 0 0 1 ~  0.8462 .005 16.82 57.6 .0055 1.358 .00405 
. 0 0 0 1 ~  1.6924 .005 22.75 41.0 .00281 0.695 .OM05 
.00011 0.8462 .002 24.00 39.0 .00279 .639 .00436 
.00011 .8462 .002 22.84 41.4 .00278 .707 .00393 
.00011 .8462 .002 23.02 41.0 .00278 .695 .OM0 
.00011 .8462 .002 23.17 40.7 .00278 .686 .00405 
. 0 0 0 1 ~  .8462 .0025 23.24 40.5 .00266 .68 .00391 
.00011 ,8462 .001 29.82 30.6 .001643 .431 .00382 
. 0 0 0 1 ~  1.6924 .001 60 .3  12.7 .000545 1.455 .00374 

Again the values in Col, 8 are constant to well within the range of experi- 
mental error. Hence, when transformation is almost complete 

[NaI] [Na2PtBrs] 
= 0.004 

[NaBr 1 [NaaPtIa] 

Substituting 1 for [NaI], 99 for [NazPtBr~]/[NazPtI~l, [NaBr] becomes 
approximately 25,000. 

If we multiply the equations [NaI]/ [NaBr] X [NazPtBrs]/ [NazPtI~l = 
0.00416 and [NaBr]/ [NaCl] X [NazPtCle]/[NaoPtBr~] = 0.15 by each 

'"he actual measurements for this equation were carried out with solutions con- 
taining hydrobromic acid and sodium bromide for the reasons given above, but for the 
very rough calculations now to be discussed, substitution of the salt for the acid will 
make no difference. As a matter of fact, we showed experimentally that the same 
value for this constant would have been obtained had sodium bromide alone been used. 
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other we obtain 

This is admittedly a mathematical procedure of very uncertain justification. 
In  obtaining the constant values 0.004 and 0.15, we substituted in the first 
two equations numerical values which in all probability represent concen- 
trations only under the very definite conditions specified above. There 
was no well-established theoretical basis for expecting that the products of 
these ratios would be constants, and there is, therefore, no reason for antici- 
pating that a similar relationship would prove true in the case of the equi- 
librium between iodoplatinate and chloroplatinate, but the last-named 
equilibrium cannot be studied in the same way as were the others, because 
the colors obtained, when attempts were made to cause partial transforma- 
tion, are not intermediate in shade between those of the iodo and chloro- 
platinate. This is not surprising, for iodoplatinates differ very markedly 
in color from the chloroplatinates, and if intermediate compounds exist 
there should be a variety of shades in the equilibrium mixtures. For this 
reason i t  was necessary to find a way of estimating mathematically under 
what conditions almost complete transformation should occur, and then to 
corroborate this estimate approximately by experiment. The derived equa- 
tion seemed the most rational approach to the solution of the problem. 

According to this equation it would be impossible to transform more than 
a small fraction of iodoplatinate into chloroplatinate by the addition of 
chloride ion. A minimum of 0.001 molar potassium or sodium iodide is 
required to  prevent decomposition of iodoplatinates into platinum tetra- 
iodide. If this amount of potassium iodide is present in the solution, the 
equation requires that the concentration of the chloride ion constituent 
would have to be 16,000 normal for 99% transformation. In accordance 
with this prediction, i t  was found that iodoplatinates, stabiliied with a 
minimum amount of potassium iodide and treated with a large excess of 6 
molar hydrochloric acid, retain a much more intense color than they should, 
had the iodoplatinate been completely changed to  chloroplatinate.17 

Somewhat more definite information can be obtained by studying quali- 
tatively the reverse reaction. According to the equation i t  is necessary to 
make the concentration of the chloride approximately 0.2 molar in order to 
prevent practically complete transformation of chloroplatinate to iodo- 
platinate when the former is dissolved in 0.001 molar potassium iodide. 
A solution thus prepared, using 0.0001 molar sodium chloroplatinate, does 
but since decomposition tended to occur under these conditions the data were not as 
reliable as those obtained with the acid. 

If concentrated hydrochloric acid is used, the color of the solution gradually fades. 
The absorption spectrum of this solution shows, however, that the iodoplatinate has 
been transformed into compounds other than chloroplatinate. Also the addition of 
potassium iodide to these solutions does not completely reverse the reaction. 
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not quite attain the color of iodoplatinate of this concentration, but the 
experiment is only of qualitative character because decomposition to  
platinum tetraiodide cannot be entirely prevented. On the other hand, 
a solution molar with respect to hydrochloric acid, 0.001 molar with respect 
to potassium iodide and 0.0001 molar with respect to sodium chloro- 
platinate showed, when equilibrium was reached, the brown color character- 
istic of partial transformation instead of the violet shade of the iodoplati- 
nate. Obviously, then, the data calculated from the derived equation do 
give results correct at  least so far as the order of magnitude is concerned. 

Wave length. 
Fig. 2.- - - - - , KsPtCL,; 0-0-0, KzPtBrs: - , KtPtIs. 

There are several points of theoretical interest which should be indi- 
cated, although our data are as yet too limited to warrant extended dis- 
cussion. One would expect that equilibrium conditions in the reactions 
investigated would be expressed by equations of the type [PtXG"]fY-16/ 
[PtY,"][X-]6 = K; instead, an equation in which the apparent concen- 
trations of the simple halogenide ions appear as the first power results from 
the data. The lack of agreement with the mass law is not surprising. We 
have neglected the activity coefficients; in dilute solutions these might 
cancel out because of the great similarity of the pairs of ions involved, but in. 
the concentrations used this is hardly to be expected. But the most 
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probable reason for the enormous deviation from the mass law is the 
possibility that the apparent concentrations are in most instances not the 
real concentrations because of the formation of intermediate complex ions. 
Since the existence of such substances has repeatedly been denied, further 
investigation of this point was undertaken as described below. 

While i t  is thus not difficult to explain the deviation from the mass law, 
no  satisfactory explanation has as yet been found for the fact that the 
"apparent ratios" happen to vary with the first power of the ratio of the 
concentrations of the halogenide ions. A possible explanation is that the 

Wave length. 
Fig. 3.-0 0 0,  0.000025 molar bromoplatinate + 0.000075 

iodoplatinate; - , calculated curve. 

change in the absorption band, as one of the halogenoplatinates is trans- 
formed through a series of mixed platinates into the other, is divided into 
equal steps, and that the distribution of the concentrations of all of the 
complex ions is a symmetrical one. Since six such steps are involved in the 
"apparent % transformation," one might obtain the relationship 

(Apparent ratio of complex ions)" (apparent ratio of simple ions)s = constant 

This, of course, is what we have found. We believe, however, that too 
many assumptions are involved in this idea to warrant its acceptance on 
the basis of the one set of data thus far obtained; the first power relation- 
ship may, indeed, be purely accidental.18 

l8 It is also possible that the first power relationship means that the color change is 
complete in the first step of the series of reactions, for example, that the color of the 
hypothetical PtC15BrB ion is identical with that of the PtBr6" ion. This explanation 
does not fit with the fact that the values for the constant are independent of the side 
from which equilibrium is attained nor with facts presented in the following section of 
this paper. 
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Existence of Mixed Halogenoplatinates 

The existence of the mixed halogenoplatinates has been affirmed and 
denied. Pitkin19 and Pige~n,~O by crystallization of mixtures of chloro- and 
bromoplatinates, claimed to  have obtained mixed chlorobromoplatinates. 
The former also reported the preparation of the conipound K2PtC14Br2 by 
the action of potassium bromide on platinic chloride. Herty21 demon- 
strated that none of these substances was a true compound, and M i ~ l a t i , ~ ~  
by conductivity methods applied to solutions, likewise concluded that  there 
is no evidence for formation of mixed compounds. 

The experimental work 
herein reported makes possi- 
ble another method of at- 
tacking this problem. If 3y000 

the mixtures prepared by 
adding, for example, sodium $ 
bromide to sodium chloro- '" 4 
platinate contain no inter- 8 8,000 

mediate complex ions, the g 
value of the "apparent a/o $ 
transformation" obtained 4 
colorimetrically is the real 

$ 13,000 
percentage transformation. 3 
From the latter we could 3 
then calculate the amount Z 
of the chloroplatinate and 
the bromoplatinate in the 18,000 
solutions. With this infor- 
mation and with photomet- 
rically determined absorp- 3700 2900 2100 

Wave length. 
spectra of each of the Fig. 4.- 0 0 0, equilibrium mixture-colorimetri- 

platinates, the position of tally 39.2% PtBr6 and 61.8% PtCl6; -, 
the absorption band of the calculated curve. 
solution should be calcula- 
ble.23 If the calculated and the observed spectra coincide, no intermediate 
complexes are present. The curves to be presented below show that  this 
is not the case. 

Before proceding with these measurements, i t  seemed desirable t o  verify 
the method of calculating the spectra for the mixtures in question. As has 

19 Pitkin, THIS JOURNAL, 1,472 (1879); 2,408 (1880). 
20 Pigeon, Ann. chim., [7] 2,488 (1894). 
21 Herty, THIS JOURNAL, 18, 130 (1896). 
22 Miolati, 2. anorg. Chem., 14,238 (1879). 
23 Kayser, "Handbuch der Spektroskopie," S. Hirzel, Leipzig, 1905, Vol. 111, p. 92. 
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already been pointed out, mixtures of known quantities of the two halogeno- 
platinates cannot be prepared. Consequently we remodeled the Hilger 
sector photometer to permit us to insert two separate cells into each of the 
photometer tubes. This allowed us to have the'light fall first through a 
solution of chloroplatinate and then through one of the bromoplatinate 
before entering the spectrograph. 

Wave length. 
Fig. 5.-0 0 0.0.0001 molar "KzPtC1;Br2;" -, 

calculated curve. 

I n  Fig. 3 the solid line represents the calculated molecular extinction 
coefficients for a mixture of chloroplatinate and bromoplatinate while the 
circles are values obtained in the way just described from the absorption 
spectra of the separate halogenoplatinates reproduced in Fig. 2. Similar 
curves for bromo and iodoplatinate were obtained but are not reproduced. 
The agreement is as good as can be expected, and proves that the usual 
method of calculating the extinction coefficient for solutions of mixtures is 
applicable to data obtained photographically in the region in which lie the 
absorption bands of the various halogenoplatinates. 

In  Fig. 4 the solid line represents the calculated absorption spectrum of a 
solution containing 39.2% of sodium bromoplatinate and 61.8% of sodium 



Nov., 1930 STABILITIES OF THE HALOGENOPLATINATES 4331 

chloroplatinate. The circles give the observed absorption spectrum of a 
solution of sodium bromoplatinate to which enough sodium chloride had 
been added to make the "apparent 010 tiansformation" 6l.8yO. Since the 
two curves are entirely different, the colorimetric data of such a mixture are 
not a measure of actual concentrations, and intermediate complex ions 
must be present. Similar curves have been obtained for solutions of 
different concentrations, and for mixtures of iodo and bromoplatinates; 
for them the original thesis2 must be consulted as they have been omitted 
to save space. 

In this connection Fig. 5 is of interest. In it the solid line represents the 
absorption spectrum calculated for a mixture of potassium chloroplatinate 
and potassium bromoplatinate in the proportion corresponding to the 
formula K2PtCLBr2. The circles represent the absorption spectrum of this 
"compound prepared according to the method of P tkin.lg I t  will be 
seen that the spectrum24 is identical with that calculated for the mixture, 
and that Pigeon's conclusion that compounds can be prepared in this way 
is not borne out by the facts. In this we have corroborated the work of 
H e r t ~ . ~ ~  

This research is one of a series of investigations carried out with the aid 
of a grant from the Bache Fund of the National Academy. 

Summary 

1. It has been shown that to cause the reaction PtBrs" + 6C1- -+ 
PtC16- + 6Br- to go to completion there must be approximately 660 
times as much chloride as bromide ion constituent in the solution. For the 
reaction between iodoplatinate and bromoplatinate ions there must be 
25,000 times as much bromide as iodide ion constituent. From these data 
we have estimated that roughly 16,000,000 times as much chloride as iodide 
ion constituent must be present completely to convert PtIf to PtC16-, and 
have confirmed this order of magnitude experimentally. 

2. A study of the absorption spectra of the various equilibrium mixtures 
indicates that in these reactions intermediate compounds are formed in 
solution. 

3. We have also shown that the solid intermediate compounds which 
have at various times been reported in the literature are really mixtures. 
This confirms the conclusions of other workers in this field. 

CHICAGO, ILL. 

s4 The absorption spectrum was measured as soon as possible after dissolving the 
solid to prevent possible transformation in solution to mixed halogenoplatinates. 
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[CONTRIBUTION FROM BELL TELEPHONE LABORATORIES] 

T H E  ATOMIC WEIGHT O F  POTASSIUM FROM PLANT ASH 

It has been reported by F. H. Loring and J. G. F. Drucel that the 
potassium from the ash of potatoes fertilized from potassium chloride has 
an atomic weight of 40.5. The accepted atomic weight of potassium is 
39.10.2 It is known that normal potassium consists of two isotopes, 39 and 
41, and the small beta radioactivity of potassium has been ascribed to the 
isotope of atomic weight 41. Loring and Druce cite Zwaardemaker's work3 

on the importance of radioactive material in maintaining life and were led 
to their experiment from a consideration of the well-known fact that plant 
cells selectively absorb potassium salts from solutions containing both 
potassium and sodium. If it is assumed that the reason for this selective 
absorption is the need of the plant for the radioactive isotope of potassium, 
it is reasonable to expect that some mechanism may have been developed 
by the plant cells to absorb selectively the radioactive isotope of potassium 
from the normal mixture of isotopes. It may be further assumed that the 
radioactive isotope would be concentrated in those cells which provide the 
food for the embryo plant, i. e., the seeds. To check these hypotheses 25 
pounds of cotton-seed hairs-and 75 pounds XXXX Superfine flour- 
wheat kernels-were ashed, the potassium chloride separated from the ash 
and purified and the ratio of potassium to chlorine determined. 

The ashing was carried out a t  a low temperature to avoid volatilization 
of the potassium salts. The ash was extracted with water and excess 
ammonium carbonate added. The extract was filtered, evaporated to 
dryness in platinum and the excess ammonium carbonate volatilized. 
The residue was dissolved in water, acidified with hydrochloric acid, fil- 
tered, re-evaporated to dryness, fused, redissolved in a small quantity of 
water and filtered. The alkali chlorides were then precipitated with 
hydrogen chloride gas, filtered and then fused. Preliminary analysis of the 
cotton ash showed a ratio of potassium to sodium of approximately 10 and 
this ratio for the wheat flour is approximately 40.4 In the case of the 
chlorides from cotton ash approximately 20 g. of sodium-free potassium 
chloride was obtained by fractional crystallization of the aqueous solution 
a t  room temperature. It proved much more difficult to secure a pure 
potassium chloride from the flour ash and the procedure given above for the 
original purification, including the precipitation of the chlorides with 

Loring and Druce, Chem. News, 140, 34 (1930). 
2 G. P. Baxter, THIS JOURNAL, 52, 861 (1930). 

Zwaardemaker, Arch. Ges. Physiol., 213, 82 (1926), and later papers. 
4 Bailey, "The Chemistry of Wheat Flour," 1925, p. 148, 
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hydrogen chloride gas and fusion, was repeated four times. Approxi- 
mately 3 g. of sodium-free potassium chloride was finally obtained from the 
wheat flour ash. Analyses of the fused potassium chloride were made for 
chlorine using silver nitrate, making all precipitations and filtrations in the 
dark. Microscopic examination of a drop of solution allowed to  crystallize 
on a slide showed no impurities. The percentages of chlorine obtained in 
multiple analyses of the two samples are given below. 

Chlorine in KC1 Chlorine in KC1 
Sample from cotton ash, % Sample from wheat flour ash, yo 

1 47.63 1 47.57 
2 47.50 2 47.52 
3 47.52 3 47.60 

Av. 47.563 * 0.020 

Av. 47.550 * 0.016 

The * figures given represent the probable errors calculated according to  
the method of Shewhart6 for averages obtained from small samples. 

Assuming the atomic weight of chlorine to be 35.457,2 the atomic weights 
of the potassium may then be calculated to be 39.111 * 0.013 from the 
cotton ash and 39.091 * 0.016 from the wheat flour ash, respectively. 
Both values are so close to the accepted value of 39.10 that no separation of 
the potassium into its isotopes is indicated. 

The results reported above do not confirm the hypotheses proposed nor 
the results obtained by Loring and Druce. They cannot be used, however, 
as a direct contradiction of Loring and Druce's findings, since the potassium 
they obtained was from potatoes, which are morphologically different from 
the cotton fiber and the wheat flour. 

I wish to acknowledge my appreciation of the careful analyses made by 
Messrs. H. W. Hermance and L. L. Kathan and the assistance of Mr. M. 
H. Quell in ashing the cotton and in the purification of the chlorides. 

Shewhart, Bell System Tech. J., 5, 308 (1926). 
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NOTES 
A Condenser for Low Temperature Evaporation of Water.-In concen- 

trating serums, gland extracts or any water solution containing protein, 
i t  is often advisable to evaporate the water a t  as low a temperature as 
possible. The ordinary vacuum distillation does not permit a distilling 
temperature below 35'. Even a t  20' there may be denaturing, precipita- 
tion or destruction of biological activity due to combined exposure to 
temperature and mechanical agitation of boiling. 

We have two condensers each containing, as inner tube, a glass tube 16/* 
inch in diameter and 12 feet long (standard 2 inch iron pipe jacket), and 
these may be cooled by ice water; 12-liter pyrex flasks serve as retorts. 
While this is very effective, the distilling temperature can hardly be below 
15O. The cooling water cannot be used below 0°, by adding salt to the ice, 
because an ice plug will block the condenser. Moreover, the heat absorp- 
tion of the 40-gallon ice tank, the circulating pump, etc., make the system 
uneconomical for small quantities. 

We find a 12-liter flask filled with crushed ice a very effective condenser. 
This eliminates necessity for transmitting heat through a glass or metal 
condenser surface; moreover, salt may be added to the ice, giving an 
effective condensing temperature below - 10'. Theoretically, to condense 
1 g. of water vapor at  O0 requires melting 7.5 g. of ice, and in practice more 
is required. The 12-liter condenser may be insulated with rags or shav- 
ings, and there is little heat absorption from the atmosphere, because of its 
compactness. A specially long rubber stopper prevents danger of sucking 
in. The stopper has a large inlet for water vapor and a small inlet for 
vacuum; by making the tubes concentric, one reduces the tendency of the 
stopper to leak. We have used iron pipe for the tubes. A 2-liter flask with 
not more than 1 liter to be evaporated serves as "retort," but if the liquid 
foams badly a larger flask may be used. The connection to the "retort" 
should be 0.5 inch or preferably more inside diameter, and as short as 
possible. 

The distilling rate is slow. Thus with outside water-bath a t  20' and 
700 cc. of water in the "retort," about 2 cc. per minute distils (temp. inside 
"retort," 7'). When first connected the distilling rate is faster and a layer 
of ice quickly freezes over the surface in the "retort," but this ice melts 
after the dissolved air is removed. If a slow stream of air bubbles into the 
"retort" through the usual capillary tube made by drawing out a broken 
thermometer, the retort temperature is lowered with an increase to about 
3 cc. of water distilled per minute, and it is easier to keep ice in the "retort." 
In  any case the distillation slows down near the end, due to decrease in 
heat transmitting surface, so that about ten hours may be required to 
reduce 700 cc. to 50 cc. (If a bath temperature of 25 or 30' is permissible 
the time is much reduced.) 
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A slow stream of tap water suffices for "heating" the bath of the "retort." 
We use a Nelson two-stage vacuum oil pump of a capacity of 5 cu. ft. of free 
air per minute for vacuum, for the high capacity saves many minutes in 
starting and eliminates the necessity for bothering about leaks around 
rubber stoppers. If the bath is heated by a flame, one must watch for a 
rise in temperature near the end of the evaporation, when the rate has 
slowed down. 

For a capacity of, say, two 12-liter flasks in parallel as "retorts," each 
containing, say, 7 liters of serum, a condenser of a capacity of 25 to  30 
gallons is required. Such steel tanks are used commercially for hot water 
storage, and may be insulated with 6 inches or more of shavings. If used 
only occasionally one may use a commercial insulated hot water storage 
tank, as the insulation dries out when not in use, but an insulation which 
does not easily rot should be selected. On this scale a vacuum pump of 
several cubic feet per minute capacity of free air should be used. Tubing 
for carrying the water vapor should be 1.25 inch or preferably more in 
diameter. The vacuum pump must naturally give better than the vapor 
pressure of water a t  -lo0, under service conditions. Naturally one will 
select a condenser giving a large surface above the ice and salt, to  increase 
the condensing rate. The operator shouId guard against possible serious 
injury due to collapse of a 12-liter flask under vacuum. 

Inorganic Lubricants. 111. Mixtures of Aqueous Liquids with Non- 
Reacting Solids.-When water is mixed with a finely divided insoluble 
powder in the correct proportions a cream is produced which has the power 
of forming a thin, continuous film over a surface capable of being wet by 
water, is "viscous" in proportion to the amount of solid present, and so may 
act as a lubricant between two moving surfaces.' For purely temporary 
inorganic lubrication such a mixture may operate satisfactorily, but be- 
cause the water quickly evaporates, leaving a non-lubricating cake of solid, 
lasting lubrication is not obtained. 

When, however, a hygroscopic inorganic liquid, such as a concentrated 
aqueous solution of a deliquescent salt or acid, is employed instead of water, 
drying out does not take place, the creamy state persists and lubrication is 
maintained for an indefinite length of time depending on the relation be- 
tween the average atmospheric humidity and the relative hygroscopicity of 

1 See, for example, various U. S. Patents, such as Colby, 49,983, Sept. 19, 1865; 
Farkas, 1,253,362, January 15, 1918, and others. 
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the liquid. I have prepared many such mixtures, using solutions of cal- 
cium, zinc and ferric chlorides, antimony pentachloride12 sulfuric and ortho- 
phosphoric acids and similar substances as liquids, and kaolin, bentonite, 
talc, graphite, carbon, precipitated silica, etc. (all sieved to pass a 100-mesh 
screen), as the non-reacting insoluble solids. Bentonite and talc could not 
be used with acid liquids because a gas-forming reaction takes place 
resulting in a frothy mixture. Successful lubricants were obtained in 
considerable variety. Typical examples are listed in Table I. 

TABLE I 
LUBRICATING MIXTURES 

10 g. of solid used in each experiment 

Solid Kaolin Kaolin Kaolin Bentonite Graphite Silica 
Soln., 50% concn. of HzS04 CaClz ZnClz CaClz CaClz ZnC1, 
Cc. taken 6.0 6-6.5 6 .5  8 0 6 .5  6.5 

MATERIALS.-The kaolin was the N. I?. V. product; the silica was an anhydrous, 
amorphous material (electro-silicon) ; the bentonite and graphite were fine, commercial 
powders; and the calcium and zinc chloride solutions were prepared from anhydrous 
c.  P. granules. 

Of all the mixtures prepared, the best for general use were those of kaolin 
and of graphite with calcium chloride solution. After three months, 
although exposed surfaces of these mixtures had fluctuated in liquidity 
considerably, lubricating films between ground glass surfaces still operated 
satisfactorily. 

Lubricants of this general kind are distinctly limited in usefulness. 
Their pasty nature permits clogging of small passages; and too great pres- 
sure may thin the lubricating film excessively. Nevertheless, they are 
useful in organic work when protection against leakage of water-insoluble 
organic liquids and gases is desired; and some of them can be employed 
with certain inorganic gases (such as those which may attack the common 
organic lubricants), particularly when it is not important to maintain great 
purity of these gases. They offer the advantage of being easily and quickly 
prepared; and the range of possible mixtures is wide enough to permit a 
considerable degree of choice in both liquid and solid constituents and so 
enable any specific requirements to be more suitably met. 

CONTRIBUTION FROM THE WILLIS A. BOUGHTON 
CHEMICAL LABORATORIES OF HARVARD COLLEGE 

CAMBRIDGE, MASSACHUSETTS 
RECEIVED JUNE 4, 1930 
PUBLISHED NOVEMBER 5, 1930 

Mixture of antimony pentachloride solution and kaolin forms a colloidal material, 
the properties of which will be investigated. 
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The Constricted Mercury Arc.-The usefulness of the highly intense 
constricted mercury arc has been seriously limited by its rapid rate of 
deterioration.' The arc described here has been designed to  balance the 
various factors so that it can be burned a t  a constant 
high intensity. 

A quartz capillary 2 X 8 X 50 mm. was ground on 
the side away from the slit until a wall of about 0.5 
mm. remained. The other side was ground until a 
face of about 3 mm. width was obtained, thus reducing 
the apparent size of the capillary. A very satisfactory 
polish was then obtained on both sides by cleaning 
with hydrofluoric acid and heating carefully with a 
sharp flame. A piece of glass tubing was ground open 
the length of the capillary and fitted to the rear flat side 
of the lamp in order to cool with running water. The 
lower electrode was sealed in with de Khotinsky 
cement. The lamp was wrapped with strips of cloth , 
so that cooling of the cement and electrodes could be 
efficient and convenient. A stream of air was passed 
around the front face. By this arrangement the lamp Fig. e

lec- 
could be run a t  4-5.5 amperes and 20-25 volts per trode is sealed in with 
sq. cm. for upward of thirty hours with fairly con- de Khotinsky cement. 
stant intensity. At the expense of rapid devitrifica- Constriction at upper 
tion (fifteen to twenty hours) the intensity can be kept fits inserted 

iron wire or is packed constant by no air cooling on the front face, which pre- with additional 

vents the formation of silica patches. A fairly con- to steady the upper 
stant intensity can be maintained by an intermittent meniscus. 
air stream easily arranged by a long lag relay circuit. 
In case any deposit forms on the front side it can be removed quickly by 
stopping the air stream and moderately increasing the amperage. 

COLUMBIA UNIVERSITY R. H. CRIST 
NEW YORK CITY 
RECEIVED SEPTEMBER 26, 1930 
PUBLISHED NOVEMBER 5, 1930 

Forbes and Harrison, THIS JOURNAL, 47, 2449 (1925); Langer and Meggers, 
Bur. Stds. J. Res., 151 4, 711 (1930). 



4338 E. C. BILLHEIMER AND E. EMMET REID Val. 52 

[CONTRIBUTION FROM THE CHEMISTRY LABORATORY OF THE JOHNS HOPKINS 

UNIVERSITY] 

THE DECOMPOSITION OF MERCAPTANS IN ALKALI 
SOLUTIONS1 

Introduction 
It is a well-established fact that the structure of the group attached to a 

carbon atom in combination with oxygen or a halogen has a great influence 
upon the strength of that bond. This has been shown by Conant and his 
 associate^,^ who investigated the relation between the structure of organic 
halides and the speed of their reaction with inorganic iodides, and by Norris 
and his co- worker^,^ who studied the relative reactivities of the hydroxyl 
hydrogen atoms in certain alcohols and the effect of various substituted 
groups on the strength of the carbon-chloride bond.5 It was thus con- 
sidered of value to determine the effect of the structure of the alkyl group 
upon the strength and reactivity of the carbon-sulfur bond, and for this 
purpose the decomposition reaction of the aliphatic mercaptans in alkali 
solution was selected. It was desired to  determine (1) whether mercap- 
tans decompose in alkaline solution in any definite and reproducible man- 
ner, (2 )  the effect of time, temperature and concentration on this reaction, 
and (3) the exact course of the reaction, the products formed, and if 
possible its velocity constant and temperature coefficient. 

Results 
The aliphatic mercaptans were found to decompose in sodium hydroxide 

solution in a definite and reproducible manner. Three simultaneous re- 
actions take place as follows: (I) replacement of the -SH group by 
hydroxyl to form an alcohol, as 

RSH + 2NaOH = ROH + Na2S + HnO 

( 2 )  elimination of hydrogen sulfide from two molecules of mercaptan to 
form the alkyl sulfide, as 

2RSH + 2NaOH = RPS + Na2S + 2H20 

Presented a t  the Columbus Rleeting of the American Chemical Society, May 1, 
1929. 

From the Ph.D. dissertation of E. C. Billheimer, June, 1929. 
a Conant and Kirner, TIIIS JOURNAL, 46, 232 (1924); Conant and Hussey, ibid.,  

47, 476 (1925); Conant, Kirner and Hussey, ibid., 47, 488 (1925). 
Norris and Ashdown, ibid., 47, 837 (1925); Norris and Cortese, ibid., 49, 2640 

(1927). 
Norris and Morton, ibid., 50, 1795 (1928); Norris and Banta, ibid., 50, 1804 

(1928); Norris and Blake, ibid., 50, 1808 (1928); Norris and Gregory, ibid., 50, 1813 
(1928). 
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(3) the elimination of hydrogen sulfide from one molecule of mercaptan to  
form the unsaturated hydrocarbon, as 

CH8CH2SH + 2NaOH = CKFCH~ + Na2S + 2Hz0 

TWO further possible consecutive reactions, in which the alkyl sulfide might 
decompose with alkali to produce either the alcohol or the unsaturated 
hydrocarbon, were shown to be unimportant, as they are not given by butyl 
sulfide heated under the same conditions. The products of the three re- 
actions were identified. The alkyl sulfide was oxidized to the correspond- 
ing sulfone with fuming nitric acid, according to the method of GrabowskyJ6 
the product purified and identified by its melting point, which was com- 
pared with that of pure sulfone prepared in a similar manner from the 
particular sulfide in question. The alcohol was shown to be present by the 
formation of the corresponding half-ester of phthalic acid, on refluxing with 

Number of carbon atoms. 
Fig. 1.-Percentage of mercaptans reacting with 3 N NaOH in 

2 hours at 260°. 

phthalic anhydride, a dried benzene extraction of a steam distillate of the 
reaction mixture, from which the unreacted mercaptan had been removed 
by precipitation as mercaptide with lead acetate solution. The product 
was subsequently isolated and purified, and its identity proved by melting 
point determinations. The unsaturated hydrocarbon was easily noticeable 
in the case of the lower members of the mercaptan series, when it escaped as 
a gas, especially with ethyl mercaptan, in which case ethylene was evolved 
upon opening the bomb after a run. The sodium sulfide was easily dis- 
tinguished by the evolution of hydrogen sulfide upon acidification. 

The optimum conditions for comparison of the reactivity of the different 
members of the mercaptan series were established with n-butyl mercaptan. 
They were so adjusted, by varying concentration, temperature and time of 
heating, that about half of this mercaptan was decomposed, which is the 

6 Grabowsky, Ann., 175, 348 (1875). 
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case in two hours a t  260° with 3N caustic soda solution. The runs for 
comparison of different mercaptans were made under these conditions. 
Runs with other concentrations of alkali and a t  other temperatures were 

made for other comparisons. The 
straight chain primary and second- 

50 ary mercaptans from ethyl and iso- 

3 40 
propyl to heptyl have been studied. 

..4 
cr It was intended to include the octyl 
S 
2 30 and nonyl mercaptans but their so- 
4 a dium derivatives were found to be 
s 20 
CI 

insoluble, separating out immed- 

rz 10 
iately upon addition of the mercap- 
tan to t%e alkali. This prevented 
complete solution of the products 

0.1 0.5 1.0 2.0 3.0 of the reaction a t  the completion 
Normality of alkali. of a run, and made it impossible 

Fig. 2.-Percentage of n-butyl mercaptan 
reacting with different strengths of alkali. to secure the aliquots necessary 

for the analytical procedure. 
The results are given in the tables below, the figures being the average 

percentages of the mercaptans reacting under the conditions stated. The 
same data are reproduced in the curves, Fig. 1 and Fig. 2. 

It appears that the total decomposition decreases, with both normal and 
secondary mercaptans, as the number of carbon atoms increases. There is 
a suggestion of alternation. The secondary mercaptans react more rapidly 

TABLE I 
NORMAL MERCAPTANS WITH 3N SODIUM HYDROXIDE (2 HOURS AT 260°) 

Mercaptan Et Pr Bu Iso-Bu Am Hex Hep 

Total decomposed 55.4 52.2 49.6 36 .2  42.9 37.0 35.0 
R2S formed 11.0 12.1 8 . 1  6 . 1  9.9 3 . 1  10.4 
Percentage R2S 20 23 16 16 23 8 30 

TABLE I1 
0-SECONDARY MERCAPTANS WITH 3 N SODIUM HYDROXIDE (2 HOURS AT 260 O )  

No. carbon atoms 3 4 5 6 7 

Total decomposed 65.4 59.1 56.0 48.8 47.0 
R2S formed 5 . 2  2 . 6  6 . 3  3 . 6  15.3 
Percentage R2S 8 4 11 7 33 

TABLE 111 
VARIATION OF DECOMPOSITION OF X-BUTYL MERCAPTAN WITH CHANGES IN STRENGTH OF 

THE ALKALI 

Concn. of NaOH 0 0 . 1  0 . 5  1.0 2 . 0  3 . 0  
Percentage decomposed 0 . 0  2 . 1  9 . 8  20 .2  33.8 49.6 
R2S formed 0 . 0  1.7 4 . 9  5 . 4  7.8 8 . 1  
Percentage ReS ... 81 50 27 23 16 
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TABLE IV 
DECOMPOSITION O F  1%-BUTYL MERCAPTAN AT DIFFERENT TEMPERATURES BY 3 N  

SODIUM HYDROXIDE 

Temperature, OC. 250 250 260 270 
Time in hours 2 4 2 2 
Percentage dec. 30 47 .2  49.6 G3.0 
R2S formed 7.7 31.9 8 . 1  8 . 2  
Percentage R2S 26 25 16 13 

than the corresponding primary, which is to be expected from the work of 
Norris and his co-workers, who found that reactions of alcohols in which the 
hydroxyl is eliminated proceed faster with secondary alcohols than with 
primary. The amount of sulfide formed is lower with the secondary than 
with the primary, which agrees with the above. With very dilute alkali 
the percentage of alkyl sulfide is high when it is compared with the total 
decomposition. Isobutyl mercaptan reacts much more slowly than n- 
butyl, just as in esterification. At 250" in four hours n-butyl mercaptan 
gives slightly less decomposition than at 260° in two hours, which shows 
that the reaction has about the usual temperature coefficient. The pro- 
portion of butyl sulfide formed is somewhat higher at the lower tempera- 
ture. 

There is a suggestion of alternation, the values for the mercaptans having 
an even number of carbon atoms appearing to be below the curve, 

Apparatus and Materials 
The special apparatus necessary for and used in the preliminary part of this inves- 

tigation was exactly similar to that employed by Herndon and Reid7 in work on the 
decomposition of organic compounds at  high pressures and temperatures, which was 
itself a modification of the type developed by Morey8 in his studies on hydrated sili- 
cates. This consisted of the special steel bomb, the furnace and the automatic tempera- 
ture control. For the greater part of the present work, however, a smaller type bomb 
was used, of 25-cc. capacity, with threads on the outside of the body proper, allowing 
easier and more complete removal of the reaction products. The plunger rested atop 
the body proper and carried through its center a steel thermocouple tube silver-soldered 
to the plunger and extending a half inch into the chamber of the bomb when the latter 
was closed. 

The mercaptans, with the exception of ethyl, n-butyl and isobutyl, were furnished 
by L. M. Ellis, Jr.9 Normal butyl mercaptan, which was used to standardize the ana- 
lytical method and establish the proper conditions for comparison, was prepared in large 
quantities by the method of Grabowsky and Saytzeff.lo The mercaptan was ex- 
tracted with dilute caustic soda solution, recovered by steam distillation, dried and frac- 
tionated on a tall-column still. The purity was 99.94%. The ethyl and isobutyl 
mercaptans were Eastman's "Certified" products. The purity of the normal and 
secondary mercaptans used was in no case less than 99.3%. 

Herndon and Reid, THIS JOURNAL, 50, 3066 (1928). 
Morey, ibid., 36, 215 (1914). 
Ellis, "Dissertation," Johns Hopkins University, 1929. 

'0 Grabowsky and Saytzeff, Ann.. 171, 251 (1874). 
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Experimental 
The purity of the mercaptans was determined volumetrically by the 

method of Kimball, Kramer and Reid" which makes use of their reaction 
by titration with standard iodine solution. This reaction was also made 
the basis of the analytical method eventually established. The procedure 
was essentially as follows. The reaction mixture was washed from the 
bomb into a separatory funnel, from which the water layer was run into a 
volumetric flask and diluted to a convenient volume. The insoluble alkyl 
sulfide was measured and its weight calculated from its density. From the 
water solution aliquots were taken. First, one aliquot was titrated with 6 
N hydrochloric acid, using methyl orange as an indicator, to determine the 
amount of acid necessary to neutralize the excess alkali and decompose the 
sodium sulfide formed. Second, an aliquot was run from a pipet with its 
tip below the surface of excess standard iodine solution containing hydro- 
chloric acid in slight excess of that determined by the first operation and 
the excess iodine titrated with standard thiosulfate solution. This gave a 
value for the SLID of the sodium sulfide and the unreacted mercaptan. 
Third, an aliquot was boiled to remove all unreacted mercaptan, diluted 
with water and boiled several times if necessary, and the hydrogen sulfide 
formed in the decomposition thus determined by washing into excess iodine 
solution containing the predetermined amount of hydrochloric acid and 
back-titrating with thiosulfate solution as before. These three sulfur 
values, namely, the alkyl sulfide, sodium sulfide and unreacted mercaptan, 
when calculated to mercaptan, gave a check on the amount originally 
added, and from them could be determined the percentage decomposition, 
since all three reactions produce sodium sulfide. 

EXPERIMENTAL RESULTS 
Col. 1, mercaptan reacted, %; Col. 2, sodium sulfide formed, %; Col. 3, mercaptan 

unreacted, %; Col. 4, alkyl sulfide formed, %; Col. 5, mercaptan accounted for, %. 
(1) Ethyl mercaptan, 2 hrs., 260 (2) n-Propyl mercaptan, 2 hrs., 260 " 

(3) n-Butyl mercaptan, 2 hrs., 260" (4) Isobutyl mercaptan, 2 hrs., 260' 
50.0 45.0 45.0 8.1 98.0 35.9 33.4 59.5 6 . 4  99.2 
49.4 44.6 45.7 8 .1  98.5 36.5 33.9 59.0 5 . 8  98.8 
50.1 44.6 44.2 8 .7  97.4 35.8 33.5 59.9 5 .2  98.7 
48.8 43.2 45.4 7 .5  96.2 36.1 33.0 58.4 6 . 4  97.9 
49.7 44.7 45.4 8 .1  98.3 36.6 33.7 58.4 6 .9  98.9 - - - - -  - - - - -  

Av.49.6  44.4 45.1 8 .1  97.7 Av.36.2 33.5 59.0 6 .1  98.7 

l1 Kimball, Kramer and Reid, THIS JOURNAL, 43, 1199 (1921). 
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TABLE V (Continued) 

(5) n-Amy1 mercaptan, 2 hrs., 260' (6) n-Hexyl mercaptan, 2 hm., 260° 
42.5 37.0 50.1 10.7 97.7 37.1 35.4 60.2 3.2 98.8 
42.9 38.1 50.6 10.1 98.9 37.3 35.8 60.3 3 .5  99.6 
43.3 39.6 51.7 8.4 99.5 36.5 35.0 60.6 2.7 98.3 

- - - - -  
Av. 42.9 38.0 50.4 9.9 98.2 

(7) n-Heptyl mercaptan, 2 hrs., 260" (8) Isopropyl mercaptan, 2 hrs., 260' 
35.0 30.4 56.4 10.6 97.3 65.7 61.0 32.0 5.6 98.5 
35.2 31.1 57.3 10.1 98.5 65.0 61.2 32.9 5.0 99.1 
34.8 30.5 57.1 10.4 98.1 65.4 61.4 32.5 5.0 98.8 - - - - -  - - - - -  

Av. 35.0 30.7 56.9 10.4 98.0 Av.65.4 61.2 32.5 5.2 98.8 

(9) Sec.-butyl mercaptan, 2 hrs., 260' 
58.8 56.2 39.4 3.0 98.6 
59.2 56.8 39.3 3.0 99.1 
59.3 57.2 39.0 2 .5  98.7 
59.0 56.9 39.6 1.9 98.4 
59.3 56.8 38.9 2 .5  98.3 - - - - -  

Av. 59.1 56.8 39.2 2.6 98.6 

(10) Sec.-amyl mercaptan, 2 hrs., 260" 

56.5 51.6 39.7 7.2 98.4 
56.0 52.2 40.8 6.2 99.2 
55.6 52.6 41.9 5 .1  99.5 
56.3 51.8 40.4 6 .2  98.5 
55.8 53.3 42.2 6 .8  99.9 - - - - -  

Av. 56.0 52.3 41.0 6 .3  99.1 

(11) Sec.-hexyl mercaptan, 2 hrs., 260" (12) Set.-heptyl mercaptan, 2 hrs., 260° 
48.9 46.1 48.3 3 .8  98.1 46.7 38.1 43.5 14.4 96.1 
48.3 45.6 48.8 3.5 97.9 47.0 38.3 43.2 15.2 96.7 
49.1 46.5 48.7 3.5 98.7 47.3 38.3 42.8 16.2 97.3 - - - - -  - - - - -  

Av.48.8 46.1 48.6 3.6 98.2 Av.47.0 38.2 43.2 15.3 96.7 

(A) n-Butyl mercaptan, 2 hrs., 250' (B) n-Butyl mercaptan, 4 hrs., 250° 
30.1 26.8 62.2 7.5 96.4 46.8 40.0 45.4 12.8 98.1 
30.2 26.6 61.5 8.0 96.1 46.3 38.7 45.0 11.6 95.3 
29.5 25.6 61.5 7.5 94.8 47.5 41.3 45.6 11.6 98.5 
29.1 25.5 62.2 7.5 95.3 48.8 42.2 44.3 12.2 98.7 
30.9 27.3 61.0 8.0 96.4 46.6 40.5 46.6 11.1 98.2 - - - - -  - - - -  

Av.30.0 26.4 61.7 7.7 95.8 Av.47.2 40.5 45.4 11.9 97.8 

(C)  n-Butyl mercaptan, 2 hrs., 270" 
63.0 56.5 33.2 8.7 98.3 
63.2 57.1 33.4 8.1 98.6 
62.9 57.3 33.9 8 .1  99.2 
63.3 56.9 32.9 8 .7  98.4 
62.8 57.5 34.1 7.5 99.1 - - - - -  

Av. 63.0 57.1 33.5 8 .2  98.7 
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TABLE V (Concluded) 
The following runs were made between n-butyl rnercaptan and sodium hydroxide 

solution of the following strengths: 2.0, 1.0, 0.5, 0.1 N, and finally pure water. The 
heating was for two hours a t  260 ". 

n-Butyl mercaptan, 2.0 N NaOH n-Butyl mercaptan 1.0 N NaOH 

33.8 30.3 59.3 7.7 97.4 20.5 18.6 72.0 5.2 95.8 
34.1 30.5 59.0 8.7 98.2 19.8 17.9 72.4 5.1 95.4 
33.4 30.0 59.9 7.1 97.1 20.4 18.5 72.3 5.9 96.7 - - - - -  - - - - -  

Av. 33.8 30.3 59.4 7.8 97.6 20.2 18.3 72.2 5.4 96.0 

n-Butyl mercaptan 0.5 N NaOH n-Butyl mercaptan 0.1 N NaOH 

9.9 9.0 81.9 4.6 95.4 2.5 2.3 92.2 1.8 96.3 
10.0 9.2 81.6 5.2 95.9 1.9 1.8 95.2 1.6 98.7 
9.4 8.7 82.2 4.9 95.7 2.0 1.9 93.9 1.8 97.7 - - - - -  - - - - -  

Av. 9.8 9.0 81.9 4.9 95.7 2.1 2.0 93.8 1.7 97.6 

The amount of mercaptan used in each run was always 10 millimoles, 
which was dissolved in 12 cc. of the sodium hydroxide solution, which for 
the 3N was 3.66 equivalents. This was a convenient sized charge since the 
bomb held 25 cc. The results obtained are given in Table V. 

In  the runs with pure water, the percentage of mercaptan reacted was 
found to be practically zero. 

Summary 

1. Apparatus has been developed and a quantitative method of analysis 
established for the investigation of the decomposition of mqcaptans in 
alkali solution. 

2. Mercaptans have been found to decompose in alkali solution in a 
definite and reproducible manner. 

3. The course of the decomposition has been determined and the prod- 
ucts identified. 

4. This decomposition reaction has been used as a means of studying 
the effect of substitution on the reactivity of the C-S bond, and the follow- 
ing mercaptans have been investigated in this way: ethyl, n-propyl, iso- 
propyl, n-butyl, isobutyl, sec.-butyl, n-amyl, sec.-amyl, n-hexyl, sec.-hexyl, 
n-heptyl, sec.-heptyl, n-octyl, sec.-octyl, n-nonyl, sec.-nonyl. 

5.  The effect of concentration of alkali on the rate of decomposition 
of the mercaptans has also been determined. 
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AUTOXIDATION OF THE AMYLENESk 

RY JULIUS HYMAN AND C. R. WAGNER 

R e c e r v s ~  MAY 8, 1930 PUBLISRBD NOVEMBEK 5 ,  1030 

A. Introduction 

Although considerable work has already been done on the various phases 
of autoxidation, the field is of such magnitude that the special divisions of 
the subject suffer through lack of sufficient definite information concerning 
details. 

One such division has to do with the autoxidation of the cracked gaso- 
lines. Much work still remains undone in this field. The chief reason for 
our lack of scientific knowledge in this especial field lies in the complex 
nature of the experimental material, namely, cracked gasoline. Such 
gasoline is doubtless a combination of paraffin, olefin, cyclic and aromatic 
hydrocarbons, along with hydrocarbons possessing in single molecules the 
characteristics of two or more of the classes mentioned. 

In view of the situation as just presented, the authors of this paper felt 
that a study of the autoxidation of a comparatively simple series of olefins- 
the hydrocarbons with which autoxidation in gasolines appears most 
closely allied-might shed further light on the nature of the autoxidation 
phenomenon. Chief among the questions which such a study might 
answer is the one concerning the relation of autoxidation reactivity to the 
position of the double bond in the molecule, i. e., to the nature and position 
of the groups attached to the unsaturated carbon atoms. 

The simplest of such groups would be the butylenes, which number 
three. These compounds, however, are gaseous at  ordinary temperatures, 
and in view of the fact that autoxidation in cracked gasolines appears to 
occur mainly in the liquid phase, it was thought unwise to use these ma- 
terials in the present work. 

The first group of olefins which are liquid at  ordinary temperatures is 
that of the amylenes, five in number. These five are: (1) n-propyl- 
ethylene, (2) isopropylethylene, (3) unsymmetrical methylethylethylene, 
(4) symmetrical methylethylethylene, (5) trimethylethylene. 

The first systematic work on this group appears to have been done by 
Norris and JouberL2 These authors investigated the polymerizing action 
of sulfuric acid zt various concentrations on the individual amylenes and 
found distinct differences in reactivity. Numbers 5 and 3 were classed as 
most reactive, Numbers 1 and 4 taking an intermediate position, while 
Number 2 was found to be comparatively unreactive. 

Presented before the Petroleum Division of the American Chemical Society at 
Atlanta, Georgia, April 7-11, 1930. 

Norris and Joubert, THIS JOURNAL, 49, 873 (1927). 
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Work by Kirrmann,s however, cast doubt upon the reality of amylene 
No. 1 used by Norris and Joubert. In the present work, therefore, the 
authors have prepared amylene No. 1 by the interaction of ally1 bromide on 
the Grignard reagent, ethylmagnesium bromide, using butyl ether as well as 
the amyl ethers as solvents and diluents. The reaction produced an amy- 
lene of boiling point 29-31", in accord with the results of Kirrmann, as 
opposed to those of Norris and Joubert, who claimed a boiling point of 39- 
41°, for the product. I t  is likely that in the purification of their material, 
the last-named authors caused their amylene to undergo an intramolecular 
rearrangement of some type. 

B. Experimental 
I n  the present work amylenes 4 and 5 were made according to the 

methods given by Norris and Joubert. In the preparation of (5) heed was 
taken of the warning of Norris and Reuter4 that in the dehydration of tert.- 
amyl alcohol a certain amount of amylene 3 is formed, and only the fraction 
boiling between 37.5 and 39' was used. Its D-line refractive index a t  15O 
was 1.3898. The preparation of (4) appears to take place without any 
very great amount of side reaction. The fraction boiling between 35.5 and 
37.5' was used in our experiments. The D-line refractive index a t  15" for 
amylene No. 4 was 1.3840. 

Amylenes 2 and 3 were made by the action of alcoholic potash on 1- 
iodo-3-methylbutanes and 1-iod0-2-methylbutane,~ respectively, which 
had previously been prepared from their respective alcohols. Number 2 
showed a boiling range of 21 to 24O, whereas No. 3 boiled almost constantly 
a t  31.1'. Amylene No. 2 was further purified for Run No. 2 (see table) by 
treatment with 2 : 1 sulfuric acid a t  0'. In this way a product of boiling 
range 20.5-21.5O was obtained. The D-line refractive index a t  15' was 
1.3682. The D-line refractive index for amylene No. 3 a t  15' was 1.3800. 

Amylene No. 1 was prepared as previously described. It was kept in 
contact with silver acetate in water over a period of weeks, with repeated 
distillations. Despite this, however, the product still showed a trace of 
bromine compound. Amylene No. 1 was finally freed from bromides by 
refluxing for four hours with metallic calcium and redistilling. It showed 
an almost constant boiling point of 30.0" (con.). A refractive index 
determination at  21' gave a value of 1.3718 as compared with Kirrmann's 
value of 1.3714 for the same temperature. The refractive index reading 
(D-line) a t  20' was 1.3731. An interesting side reaction in the production 
of amylene No. 1 was the formation of a hydrocarbon possessing a boiling 
point of around 20". A fraction boiling between 20 and 24O was isolated. 

Kirrmann, Bull. soc. chim., 39, 988 (1926). 
Norris and Reuter, THIS JOURNAL, 49,2624 (1927). 
Wischnegradsky, A m . ,  190, 361 (1878). 
Le Bel, Bull. soc. chim., [ 2 ]  25, 546 (1876). 
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This fraction decolorized alkaline potassium permanganate very rapidly, 
and combined with bromine in the cold extremely energetically. While the 
exact nature of this compound is not known, it would appear probable that 
one is dealing in this instance with a substituted cyclopropane, probably 
ethylcyclopropane. 

As to the method of determining the degree of oxidation, i t  was a t  first 
held expedient to use a manometric method, the lowering of the pressure in 
the reaction chambers being an indication of the amount of oxidation. 
During the course of the work, however, such erratic results were obtained 
that this method had to be abandoned. In its place was substituted a 
method based on the liberation of iodine by the bound (peroxide) oxygen. 

According to the per-acid theory of autoxidation as suggested by us,7 
such oxidation proceeds in two steps: (1) the formation of a "moloxide" 

/ I  I \  ( - ~ ~ ~ - )  from the breaking down of an oxidized per-ester; (2) the 

formation of a per-acid (-[-o-oH) through the oxidation of aldehydes 

produced by the breaking of a moloxide molecule. 
Such per-acids are known to react with double bonds quite energetically, 

and the per-acid theory postulates a per-ester as the initial reaction prod- 
uct. Unless this cycle is completed, the theory does not allow for pro- 
gressive autoxidation. 

There is considerable evidence to show that peroxides of the type R-0- 
0-R-to which class moloxides are structurally related-are incapable of 
liberating iodine from hydriodic acid and, in accordance with this view, 
not the moloxides but only the per-acids and per-esters would oxidize the 
hydriodic acid. For comparative purposes in this study, therefore, the 
authors feel that this method for evaluating the relative extent of autoxi- 
dation is permissible. 

One cubic centimeter of the amylene to be tested was pipetted from a cold pipet 
into an iodine flask to which had been added 20 cc. of a 5% alcoholic potassium iodide 
solution. To this mixture was added 2 cc. of glacial acetic acid, and the flask allowed 
to stand in the dark for exactly three minutes. The contents of the flask were then 
rapidly titrated against a 0.01 N sodium thiosulfate solution. As is well known, the 
starch indicator in an alcoholic solution takes on an orange tinge rather than the usual 
violet. The end-point of the titration is nervertheless very sharp. The iodine color 
usually reappears shortly after the titration has been completed. This is to be disre- 
garded, however, if one wishes (as in the present case) merely comparative resdts. 

As reaction chambers were used common four-ounce oil bottles, each containing 
ten pieces of 6-mm. glass tubing, 15 cm. in length (to promote surface oxidation) and 
being fitted with a good cork stopper. Ten cc. of sample was placed in each bottle, the 

7 Wagner and Nyman, Annual A. P. I. Meeting, December, 1929; J. Inst. Pet. 
Tech., 15, 676 (1929). Milas [PTOC. Nat. Acad. Sci., 14, 844 (1928)l had previously 
shown perbenzoic acid to act as an autoxidation catalyst for olefinic substances. 
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oxygen being introduced by a glass tube reaching half-way to the bottom of the bottles. 
The oxygen was taken from a tank and allowed to run in to each bottle for ten seconds. 
Thereupon the bottle was corked immediately and the contents thoroughly agitated. 
Whenever the bottles were opened, they were placed in an ice-bath, in order to maintain 
approximately constant conditions and to prevent evaporation as much as possible. 

As oxidation catalyst cobalt oleate was used. This compound was prepared by dis- 
solving 1 part of c. P. hydrated cobaltous acetate in 10 parts of hot U. S. P. oleic acid, and 
passing a current of air through the mixture for two hours a t  a temperature between 
125 and 150". The resulting product is a deep brown liquid which turns deep red upon 
standing. It is completely soluble in the amylenes. To each 10 cc. of amylene was 
added two drops (0.0424 g.) of the catalyst. The oxidation was carried out in the dark, 
a t  a temperature of 15 ". 

TABLE I 
RESULTS OF EXPERIMENTS 

Run No. 1 Cc. of 0.01 N Na2S203 used after 
Compound Type 11 hrs. 17 hrs. 35 hrs. 42 hrs. 

1 n-Propylethylene C-C-C=C 0.10 0.15 0.15 0.15 
I 

C 
2 Isopropylethylene C-C-C=C .45 1.55 5.90 6.10 

I 
C 

3 Unsym.-methylethylethylene C-C-C=C .10 0.10 0.10 0.10 
I 
C 

4 Sym.-methylethylethylene C-C-C=C 1.20 2.70 3.45 4.35 
I 

C 
5 Trimethylethylene C-C=C 2.65 5.30 5.20 9.85 

I 1  c c 
6 Blank of No. 5 . . . . . .  0.00 0.00 0.00 0.00 

Run No. 2 
13 h r ~ .  19 hrs. 36 hrs. 84 hrs. 156 hrs. 252 hrs. 

C. Conclusion 
Of the two runs, the second is to be considered as more accurately ex- 

pressing the reactivities of the amylenes toward autoxidation. The long 
induction period for amylene No. 2 may be explained by its vigorous puri- 
fication just prior to use. On the other hand, the lack of an induction 
period in the autoxidation of amylenes Nos. 4 and 5 may be ascribed to 
minute quantities of peroxide which may have formed in these olefins dur- 
ing a short period of standing before use. An interesting point to note is 
the high reactivity of the amylene No. 2, once oxidation had begun, and the 
lesser but similar orders of reactivity of amylenes Nos. 4 and 5. The 
disappearance of peroxide at  252 hours is also of considerable interest. 
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Most noteworthy, however, is the fact that the results here recorded appear 
to bear little or no relationship to the results of the sulfuric acid polymeriza- 
tion experiments of Norris and Joubert. 

A theory has been developed to explain the results herein recorded, and 
will be published at  a later date. From the present data, however, it may 
be concluded that the average internal double bond is much more prone to 
autoxidation than is the average end double bond. It would, therefore, 
follow that in diolefins the internal double bond would be the first to be 
attacked. As a matter of record, the authors have previously reported7 

acrolein as being an important constituent among the products resulting 
from the autoxidation of cracked gasoline, an observation which is in accord 
with experiments reported herein. 

The present paper is intended by the authors as a report of general work 
on autoxidation now in progress. It is hoped that further details will be 
ready for publication in the near future. 

D. Summary 

1. The autoxidation of the amylenes has been investigated. 
2. Results indicate that, in general, internal double bonds are more 

readily oxidized by molecular oxygen than end double bonds. 
3. Kirrmann's method of preparation of pentene-1 has been confirmed. 

A new hydrocarbon obtained as a by-product of this reaction is mentioned. 
35 EAST WACKER DRIVE 

CHICAGO, ILLINOIS 

[A COMMUNICATION FROM THE LABORATORY OF ORGANIC CHEMISTRY OF THE 

UNIVERSITY OF 'WISCONSIN] 

THE USE OF NICKEL AS A CATALYST FOR HYDROGENATION 
BY HOMILER ADKINS AND HOWARD I. CRAMER 

RECEIVED MAY 9, 1930 PUBLISHED NOVEMBER 5, 1930 

The hundreds of papers and patents published on the use of nickel as a 
catalyst for the hydrogenation of organic compounds might well be con- 
sidered to render unnecessary any extended research in this field. I n  spite 
of this profusion of publications and in a sense because of it, a beginning 
has been made in what is intended to be a systematic investigation of 
the use of nickel as a catalyst for the hydrogenation and condensation of 
organic compounds especially with regard to selective reaction, i. e., the 
modification of the proportion of simultaneous reactions through control 
of the temperature, pressure, reaction medium and character of the catalyst. 
For a number of reasons it does not seem that here or now is a suitable place 
or time for a comprehensive review of the extensive literature on the use of 
nickel as a catalyst. It must suffice for the present to refer to some of the 



4350 HOMER ADKINS AND HOWARD I. CRAMER Vol. 52 

more prominent investigators such as Sabatier, Senderens, Mailhe, Ipatiev, 
Schrotter, Brochet, von Braun, Zelinsky, Armstrong and Hilditch, and to 
the American and German translations of Sabatier's "La Catalyse en 
Chimie Organique."' The German edition contains a valuable review of 
the literature, prepared by Dr. Hans Hauber for the period 1920 to 1926. 

The use of pressures in the range of 50 to 300 atmospheres is usually re- 
ferred to as the method of Ipatiev and is the one used in the present investi- 
gatioa2 It should be pointed out however that Ipatiev, in general, used 
temperatures of from 200-400°. These high temperatures with their ac- 
companiment of serious side reactions, were necessary, we believe, because 
he used rather inactive catalysts. Ipatiev believed that the oxide rather 
than the metal was the real catalyst for hydrogenations. While this is 
questioned by Sabatier and many others, there can be no doubt that 
nickel oxide at the temperatures used by Ipatiev is active in promoting 
reactions other than hydrogenation. 

In this paper are described the preparation of a satisfactory catalyst and 
experimental conditions under which some forty-five representative organic 
compounds have been hydrogenated to give good yields of various com- 
pounds. 

The Apparatus.-The material to be reduced was placed in copper or glass bottles 
or "liners" having an internal volume of from 100 to 600 ml. Each liner bore a pin-hole 
in the side half-way between its top and bottom. The effective capacity, i. e., the 
volume below the pin-hole was thus 50 to 300 ml. The glass liners were closed by a 
ground-glass joint and the copper ones by a cap screwing down against a lead gasket. 
The caps of both types of bottle were designed with a tube extending downward to ac- 
commodate the thermocouple well projecting from the head of the bomb. The bombs 
were made of chrome vanadium steel by the American Instrument Company of Washing- 
ton, D. C., using the type of bomb closure described by Ernst.$ One of the bombs 
had outside dimensions of 26.7 cm. long by 14 cm. diameter, and the other 42 cm. by 
11.4 cm. The inside diameter was 6 cm. for both bombs, one having a depth of 16.5 
cm. and the other of 31.5 cm. Each bomb bore in the head a thermocouple so well 
designed that the end of a thermocouple could be extended beyond the center of the re- 
action chamber. The thermocouples were of No. 20 iron-onstantan wire encased in 
2-holed insulation tubes 4 mm. in outside diameter. 

Lead gaskets were used in most instances for the bomb closure. Copper gaskets 
made of copper wire 3 mm. in diameter were used for pressures above 200 atmospheres. 
The bomb was placed in a horizontal position in a shaker similar in principle to the one 
described by Peters and Stanger."he bombs were electrically heated using 110-volt 
a. c. current and nichrome wire 0.1 mm. in diameter. Two heating units for each bomb 

1 "Catalysis in Organic Chemistry," by Sabatier and Reid, D. Van Nostrand 
Company, New York, 1922; "Die Katalyse in der Organischen Chemie," by Sabatier 
and Finkelstein, Akademische Verlagsgesellschaft m. b. H., Leipzig, 1927. 

Ipatiev, Ber., 37, 2961 (1904); J. Russ. Pkys.-Chem. Soc., 36, 786 (1904); 42, 
1557 (1910) ; Sabatier-Reid, "Catalysis in Organic Chemistry," D. Van Nostrand 
Company, New York City, 1922, p. 206. 

a Ernst, Ind. Eng. Chem., 18, 664 (1926). 
4 Peters and Stanger, ibid., 20,74 (1928). 
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were used, each hawing a resistance of about 27 ohms. The temperature was controlled 
by a Leeds and Northrup potentiometer controller and recorder. 

The valves and connections used were similar in design to those described by  Ernst 
and were supplied by the American Instrument Company. The tubing was l/*-inch 
0. D. by l/ls-inch I. D. of molybdenum steel. The gages were of the ordinary com- 
merdal type having ranges from 0 to 5000 or 0 to 10,000 pounds per square inch and 
were purchased from the United States Gauge Company, New York. 

The Catalyst.-The procedure finally adopted for the preparation of a nickel 
catalyst was a development f om that recommended by Reid and Rather.= According 
to their procedure 100 g. of infusorial earth was treated with a solution of 50 g. of nickel 
nitrate [Ni(NOa)z.6HzO] in about 150 ml. of water, and the resulting moist mass added 
to a strong water solution of 60 g. of sodium carbonate, NazCOs.lONaO, to precipitate 
the nickel as carbonate. The product was well washed, dried, reduced with hydrogen 
just below red heat and cooled in carbon dioxide. This method was modified in the 
following particulars: (1) the infusorial earth was digested with nitric acid before use 
because otherwise inactive catalysts were obtained; (2) the ratio of nickel to infusorial 
earth was doubled; (3) the precipitation of nickel carbonate was made a t  70-80 in order 
to avoid loss of nickel salts during washing; (4) the reduction was carried out a t  450 
for one hour; (5) the catalyst was cooled and transferred in an atmosphere of hydrogen. 

The procedure for the preparation of the catalyst was as follows: one-half kilo of 
infusorial earth, obtained from the Meyer Drug Company, St. Louis, was digested on 
the steam-bath for sixteen hours with enough nitric acid (d 1.4) to give a suspension of 
porridge-like consistency. Thii material, after dilution with an equal volume of 
water, was filtered on a Buchner funnel and washed repeatedly with distilled water until 
the wash water gave only a faint acid test. After being thoroughly dried a t  110-120Q 
it was pulverized and stored in glass-stoppered bottles. 

One hundred grams of acid-washed infusorial earth was treated with a filtered solu- 
tion of 100 g. of nickel nitrate, Ni(NOa)y6Hz0, in 150- 175 ml. of water, and the whole 
thoroughly mixed. The resultiag paste, warmed to 70-SO0, was poured into a filtered 
solution of 120 g. of sodium carbonate (Na2CO~.lOH~O) in 100 ml. of water, which had 
also been warmed to 70-80". After thorough mixing with a large stirring rod, the ma- 
terial was filtered on a Biichner funnel and washed, first with 300 ml. of water in 75-ml. 
portions, taken from the filter, dispersed in 300-400 ml. of water and again sucked dry on 
a filter and washed with 300 ml. of water. The mixture was dried a t  11 0-120" and stored 
in dry glass-stoppered bottles. The yield from such a preparation was 134 g. Con- 
sidering that no nickel was lost in the preparation, this material contained by calculation 
16% nickel. The product was reduced in a stream of dry hydrogen a t  450°. The 
hydrogen was ordinary electrolytic hydrogen with no purification other than drying by 
passing through a calcium chloride tube. The reduction was carried out in a pyrex 
tube, 15 mm. by 40 cm. in length, heated in a small electric tube furnace. The hydro- 
gen was passed through the catalyst at  the rate of 10 to 15 ml. per minute. The tem- 
perature of the furnace was maintained at  450 * 3 ". 

The tube containing the catalyst was removed from the furnace after reduction 
had proceeded for one hour, and allowed to cool to room temperature under a pressure of 
1.004 atmospheres of hydrogen. The catalyst was then poured from the tube (through 
which a stream of hydrogen was rapidly passing) into the liner containing the material 
to be reduced. The air in the liner had been previously displaced with carbon dioxide. 
The liner was then closed, placed in the bomb, the latter closed and placed in the shaker. 
the system evacuated to 15 or 20 mm. and hydrogen introduced to the desired pressure. 
The shaker was then started at  a rate of about 40 cycles per minute. There was a drop 

6 Reid and Rather, Tars JOURNAL, 37,2116 (1915). 
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in pressure during the first few minutes but if the connections were all tight the pressure 
remained constant after ten minutes of shaking. The bomb was then heated to the 
desired temperature. About an hour was required for reaching 100" and about two 
hours for 200'. After the reduction was complete the bomb was allowed to cool to 
room temperature (eight to twelve hours), the liner removed and the catalyst filtered 
off under suction on a Jena sintered glass filter. 

Standardization of the Apparatus.-The course of the reductions was followed by 
means of the drop in pressure of hydrogen in the system. The polume of hydrogen 
equivalent to a given drop in pressure on the gage was a function of the volume of the 
reaction mixture, of the liner and of the temperature of the gas in the bomb. In  order 
to ascertain the amount of hydrogen equivalent to a given drop in pressure on the 
gage it was necessary to determine the drop in pressure which occurred when a known 
quantity of material was reduced. Such compounds as acetone, toluene and dimethyl- 
acetoacetic ester reduce quantitatively with no side reactions, so that they were used 
for the purpose of standardization. By means of various fillers, liners and volumes 
of reactants the drop in pressure per mole of hydrogen absorbed could be varied from 
625 to 3000 pounds per square inch measured a t  20 O. The gages could be read with an 
accuracy of ten pounds or less. The loss of hydrogen due to diffusion and leaks was 
less than thirty pounds in the great majority of the experiments. That is to say, if the 
original pressure was 2000 pounds a t  20° and the bomb was then heated to 200°, kept 
there for perhaps six hours and cooled to 20 O, the pressure would be a t  least 1970 pounds, 
and inamany cases would be 1990 or higher. I t  is safe to say then that in a successful 
experiment the drop in pressure of hydrogen was accurate to within considerably less 
than fifty pounds. 

The temperature to be used for the reduction of a compound was usually decided 
upon as a result of observation of the increase in pressure in the svstem as the tempera- 
ture of the bomb increased. If no reduction had occurred at  a given temperature, the 
pressure would be within twenty or thirty pounds of that predicted by the gas Iaws. 
The beginning of reduction would be evidenced by an increasing divergence between 
the actual pressure and the calculated pressure for that temperature. There is no doubt 
that the pressures used are in numerous cases considerably above those necessary for 
satisfactory results. The relationship of pressure to the rate of reduction varies ma- 
terially with different types of compounds and this matter will be considered in sub- 
sequent papers. 

Solvents.-Solvents have been used by workers in this Laboratory to a greater extent 
than has been done by others using nickel catalysts. I t  therefore seems worth while to 
point out the merits of a few of the common solvents. Ether may be used up to 197' 
if the pressure is above forty atmospheres and methanol to 240' if the pressure is above 
eighty atmospheres. The other common solvents may be used to even higher tempera- 
tures with similar pressures, so that in so far as the boiling point of the solvent is con- 
cerned, there is no limitation on the practical use of any of the common solvents up to 
approximately 200°. The use of a solvent greatly facilitates the handling of the reaction 
mixture both during the introduction of the catalyst and in filtering it off after the 
reduction is complete. 

The amount of hydrogen absorbed may be readily and accurately calculated from 
the drop in pressure in the system if the volume of reaction mixture is constant in a series 
of experiments. This may be most satisfactorily done by using a solvent for making the 
various mixtures up to constant volume. A solvent is sometimes advantageous for 
maintaining the homogeneity of the reaction mixture. For example, the reduction of 
diphenyl carbinol practically stopped with the formation of diphenylmethane because 
the water formed in the reduction of the alcohol formed an immiscible layer holding the 
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catalyst out of contact with the diphenyl methane. In the presence of alcohol the re- 
duction proceeded smoothly to dicyclohexylmethane. Conversely, it  may be desirable 
to use as a solvent a compound which will give a non-homogeneous mixture with the 
reaction products and thus prevent its further reduction. 

Alcoliol was the solvent most commonly used in this investigation, but i t  apparently 
cannot be used with arnines above perhaps 165' because it reacts with them to form sec- 
ondary or tertiary amines. Methylcyclohexane has proved itself to be an excellent 
solvent. It is inert and has a good boiling point (100") for easy separation from the 
reaction products. Ether proved itself of value in that butyl cyanide reduced more 
rapidly and gave a higher ratio of primary amines to secondary amine when ether 
was used than in the absence of a solvent. This was evcn more marked in the case of 
isonitrosopropiophenone, which reduced faster a t  85' in an ether solution than a t  125' 
in methylcyclohexane. The formation of condensation products was much less in 
ether, but it is not certain whether this was due to the speciiic influence of ether or to  the 
lower temperature a t  which it was possible to carry out the reduction. The effect of 
alcohol in increasing the yield of 8-hydroxyethyl butyrate from acetoacetic ester by 
50% will he considered in another paper. Water has not been extensively used as a 
solvent in this work but it did not materially reduce the rate of reduction when it was 
used with acetone. 

There is recorded in the table a summary of the experimental conditions 
and results obtained in the reduction of a group of representative organic 
compounds. The fifty experiments whose results are reported have been se- 
lected as representative out of a group of approximately 200 experiments 
devoted to the study of the reduction of these forty-five compounds. 
There is given in order the number of the experiment according to  our 
laboratory record, the name of the compound reduced, the amount of 
material (expressed in moles) placed in the reaction vessel, the moles of 
hydrogen absorbed, the weight and number of the catalyst according t o  
our laboratory records, the volume and kind of solvent, if any, the tem- 
perature a t  which the reaction was carried out, the range of pressure in 
atmospheres during the reduction, the approximate time required for the 
absorption of the hydrogen, the name and yield of product(s) expressed in 
percentages of the theoretical and the observed physical constants as com- 
pared with those given in the literature. The yields were calculated in 
three ways and the method of calculation used in any particular case is in- 
dicated by prefixing the letters A, B or C to the figure giving the percentage 
yield. "A" shows the yield of the compound actually obtained, "B" gives 
the percentage of the theoretical yield obtained after making an allowance 
for the mechanical losses. In calculating "C" allowance was made for 
mechanical losses and also for that part (if any) of the original compound 
in the reaction mixture which had not been reduced. In almost every case 
i t  would be easy materially to increase the "A" yields by using larger 
quantities of materials and refinements in working up the products. In 
our opinion the value for the moles of hydrogen absorbed is a better index, 
in the great majority of cases, of the quantitativeness of the reduction than 
is the yield given under "A." 
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The significance, for the present, of the results obtained in the reduction 
of the majority of the compounds dealt with in this paper lies in the estab- 
lishment of experimental conditions under which these reductions may be 
carried out satisfactorily. For this reason and because of the need of econ- 
omy in the use of space in THIS JOURNAL nothing will be added in most cases 
t o  the simple statemht of experimental resu'lts given above. It should 
be pointed out, however, that the low yields in the case of the reduction 
of salicylaldehyde and isonitrosopropiophenone were due to mechanical 
losses, and in the case of acetophenone to the fact that i t  contained chlorine 
which necessitated a higher temperature for reduction with a resultant in- 
crease in side reactions. In the case of toluene and benzene the reduction 
was so rapid that the temperature of the mixture rose 100° above that a t  
which the reduction was being carried out. Two hundred liters (N. T. P.) 
of hydrogen was absorbed by three moles of toluene within fifteen minutes, 
by far the larger part being taken up within five minutes. 

Cinnamic aldehyde was reduced both to the corresponding saturated 
aldehyde and to  3-phenylpropanol a t  100' by modifying the time of reac- 
tion. Von Braun and Kochendorfer, using an undescribed commercial 
nickel catalyst, obtained large yields of compounds resulting from the 
condensation of two moles of the a l d e h ~ d e . ~  

Phthalimide was reduced in a good yield to phthalimidine, the hydrogen 
absorption being very close to the theoretical. The benzenoid ring was 
very resistant to reduction, as only small amounts of hexahydropthal- 
imidine were obtained with the nickel catalyst although Willstatter and 
Jacquet7 were able to reduce the ring using platinum as a catalyst. Suc- 
cinimide and succinamide could not be reduced a t  200'. 

The hydroxyl group of alcohols is, in general, quite resistant to catalytic 
reduction but if the hydroxyl group is on a carbon atom to which is at- 
tached a benzenoid ring, its replacement by hydrogen takes place a t  125' or 
lower. This is shown by the reduction of benzyl alcohol, diphenylcarbinol, 
triphenylcarbinol and sym.-diphenylethylene glycol to the corresponding 
hydrocarbons. If the hydroxyl group was in the beta position with respect 
to  the ring, the rate of its reduction was retarded very greatly. This same 
ease of replacement of oxygen by hydrogen when the oxygen is alpha to an 
unsaturated ring is also met with in the ready reduction of benzyl acetate to 
toluene and acetic acid and in the rupture of the ether linkage in diphenyl 
ether when the latter is reduced a t  150°. Benzyl alcohol is reduced almost 
exclusively to toluene a t  175' but a t  125O the hydrogen is distributed al- 
most equally between alcohol and ring reduction. However, since three 
moles of hydrogen are required to reduce the ring and only one to reduce 
the alcohol, the yield of cyclohexylcarbinol is only about one-third that 

Von Braun and Kochendorfer, Ber., 56B, 2172 (1923). 
Willstatter and Jacquet, ibid., 51, 767 (1918). 
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of toluene under the optimum conditions so far discovered. The hydro- 
genation of the nucleus of aromatic alcohois without the elimination of the 
hydroxy group has not previously been acc~mplished.~ Diphenyl ether re- 
duced readily but the hydrogen absorption was high, due to  rupture of the 
ether linkage, the ratio of straight reduction to reduction with splitting being 
approximately 2:3. The dicyclohexyl ether obtained boiled a t  238-23g0 as 
reported by Schrauth and Wege%nd not a t  275-277' as given by Ipatiev.1° 

Aniline absorbed hydrogen more slowly than did the other benzenoid 
compounds studied. The absorption of hydrogen was almost, if not 
quite, the theoretical three-mole equivalents, but small amounts of aniline 
were always found in the reaction mixture. The rate of reduction was 
rather rapid a t  first but quickly decreased. Dicyclohexylamine was formed 
in the ratio of one part of the secondary amine to nine parts of the primary. 
The actual yield of cyclohexylamine was considerably lowered due t o  its 
being carried over with the methylcyclohexane used as a solvent. When 
alcohol was used as a solvent an excellent yield of ethyIcyclohexylamine was 
obtained. Trimethylene cyanide and butyl cyanide took up the theoret- 
ical quantity of hydrogen but a secondary amine was formed to  a consider- 
able amount in each case. In  fact piperidine was the only product isolated 
from the reduction of trimethylene cyanide. 

The pyridinoid ring in quinoline was rapidly reduced a t  temperatures 
from about 125' upward. The tetrahydroquinoline was obtained in 
practically quantitative yields. The benzenoid ring requires a considerably 
higher temperature for its reduction but the absorption of hydrogen was 
that calculated for complete reduction. The product in all experiments 
had the correct boiling range of 204-206' but in the earlier experiments the 
product remained a liqGid a t  0' but on retreatment with nickel and hydro- 
gen i t  would absorb no additional hydrogen. Bamberger and Lengfeld 
assign a melting point of 48.2-48.5' to decahydroquinoline while Skita and 
Meyer give 48' and Ipatiev 45.5'. Ipatiev gives a boiling point of 207- 
210° while the other authors report 204'. Bamberger and Lengfeld report 
a melting point of 275.5-276O for the hydrochloride. Later, 77 g. of 
quinoline was reduced and 71 g. of product obtained boiling a t  204-206'. 
On cooling to 0°, 42 g. of crystals melting 4849' was obtained. This is 
the t~ans isomer. The hydrochloride melted a t  278-279O. The liquid has 
been identified by Mr. C. F. Bailey as the isomeric cis decahydroquinoline 
described by Hiickel and Stepf,ll who give an excellent bibliography on the 
isomeric decahydroquinolines. 

8 Sabatier-Reid, "Catalysis in Organic Chemistry," D. Van Nostrand Company, 
New York, 1922, p. 168. 

Q Schrauth and Wege, Ber., 57B, 859 (1924). 
10 Ipatiev, ibid., 41, 100 (1908). 
" H a e l  and Stepf, Ann., 453, 167 (1927). Bailey and McElvain, THIS JOURNAL, 

52, 4015 (1930). 
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Nickel has been considered to be inferior to platinum as a catalyst for 
hydrogenation because, in general, nickel is not active as a catalyst a t  
room temperature. This characteristic has its advantages, however, as i t  
permits selective reduction between two reducible groups through control 
of temperature of hydrogenation, Such selective reduction was achieved 
at 125' with acetylbenzoylmethane, phenyl ethyl ketone, benzoin, benzil, 
benzophenone, isonitrosopropiophenone, benzyl cyanide and 0-methyl 
phenyl cyanide when the carbonyl, oxime or cyanide group was reduced 
without affecting the benzenoid ring. At 175 to 200' complete reduction of 
these compounds occurred. By a similar temperature control it was found 
possible to reduce the pyridinoid ring in quinoline, a-pyridylphenylethyl- 
ene, 7-pyridylphenylethylene and a-benzylpyridine without reducing 
the benzenoid ring. 

Summary 
The preparation of a reasonably active nickel catalyst has been described 

and experimental details are given for the satisfactory reduction of forty- 
five representative organic compounds. The results have been summarized 
and need not be repeated here. In general, it may be said that an apparatus 
and technique have been used which have made it possible to determine 
rather accurately the amount of hydrogen absorbed and the rate of the 
reduction. This has made it feasible readily to carry on selective reduction 
of one of two reducible structures through the control of the temperature 
or time interval of the reduction. The merits of methylcyclohexane, al- 
cohol and ether as solvents during reduction have been discussed. 

MADISON. WISCONSIN 

[CONTRIBUTION FROM TRE LABORATORY OF THE UNIVERSITY OF BUFFALO J 

THE KETO-ENOL EQUILIBRIUM OF ETHYL ALPHA-PHENYL 
ACETO ACETATE 

The keto-enol equilibrium of ethyl acetoacetate and its derivatives has 
already received considerable attention, most of the data published being 
concerned with the unsubstituted ester or its alkyl derivatives. The effect 
of substituents in the a-position, especially phenyl, has not been ex- 
tensively investigated as far as the keto-en01 equilibrium of the compounds 
is concerned. It was our purpose to prepare ethyl a-phenyl acetoacetate 
and to study its keto-enol equilibrium by means of bromine titration as 
well as its index of refraction. 

1 Presented to the Committee on Graduate Study of the University of Buffalo 
by the second author in partial fulfilment of the requirements for the degree of Master 
of Art.. 



At ordinary temperatures pure ethyl aeftoacetate exists in the en01 form 
to the extent of about 7.7% while a-methyl acetoacetic ester contains 
about 4.1% en01 (at 18"). a,y-diphenyl acetoacetic ester contains about 
18.5y0 en01 at 100°.2 

Ethyl thiolacetoacetate shows 30.8% enoL3 
The en01 form may be titrated against standard bromine solution4 or we 

may depend on some physical property such as refractive index.6 
The naz of ethyl acetoacetate has been found to be 32.000, corresponding 

to 59.2% en01 at 20'. Obviously this is at wide variance with the value 
7.7% obtained by bromine titration and it was our intention to investigate 
the composition of equilibrium mixtures of ethyl a-phenyl acetoacetate as 
evidenced by the figures on en01 content obtained both by bromine titration 
and by the determination of the refractive index. 

We prepared ethyl a-phenyl acetoacetate by the method of Beckh, modi- 
fying the procedure, however, to increase the yield, which was none too 
great even then, En01 content was determined by bromine titration (in- 
direct method) and by the determination of the molecular refraction. 

Preparation of the Ester.-a-Phenyl substitution products of acetoacetic ester 
may be made by treating the sodium derivative of ethyl acetoacetate with the proper 
aryl halide providing there are substituents in the ring to give the halogen the necessary 
negativity. The indirect method of Beckh,B however, had to be resorted to in the 
preparation of the phenyl derivative, modified as follows. 

Benzyl cyanide and ethyl acetate were condensed in the presence of sodium ethylate 
to give the sodium derivative of acetobenzyl cyanide. This nitrile was then hydrolyzed 
to the ester by means of hydrochloric acid and ethyl alcohol, through the stage of the 
imide of the ester. 

Our procedure differed from that of Beckh in several particulars. I n  the f i s t  
place, instead of dissolving the sodium in absolute alcohol, it was suspended in dry ether 
and the alcohol added. This was merely for the sake of convenience. Second, after 
condensation of the ethyl acetate and benzyl cyanide, Beckh removed unchanged benzyl 
cyanide by dissolving the salt in water and extracting with ether. We found i t  some- 
what more effective and considerably more convenient to wash the salt with ether be- 
fore dissolving in water. After freeing the acetobenzyl cyanide with carbon dioxide, 
Beckh extracted it with ether. At the comparatively low temperature which was ob- 
tained by using a strong stream of carbon dioxide from a tank, the acetobenzyl cyanide 
came down as crystals which could be removed by filtration. This gave a somewhat 
purer product than would have been obtained by extraction. Our greatest deviation, 
however, from the method of Beckh lay in the decomposition of the imido ester. We 
poured the alcohol solution directly into ice water, extracted with ether, washed the 
ether solution directly into ice water, and washed the ether solution with sodium 
carbonate solution, while Beckh allowed the alcoholic solution to stand over potassium 
hydroxide or soda lime for several days. 

Dieckmann, Ber., 55B, 2470 (1923). 
3 Baker and Reid, THIS JOURNAL, 51, 1567 (1929). 

Meyer, Ann., 380,212; Grossmann, Z. physik. Chem., 109,305 (1924). 
Auwers, Ber., 44,2523 (1911). 

8 Beckh. ibid., 31,3160 (1898). 
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Allowing the mixture to stand over soda lime or potassium hydroxide did not re- 
move all the hydrochloric acid even when a considerably longer time than directed was 
allowed. In one run we attempted to remove it by blowing dry air through the solu- 
tion held a t  about 40'. Before all the acid was removed the solution began to precipi- 
tate and on completing the hydrolysis we recovered the acetobenzyl cyanide almost 
quantitatively. 

The yields were never high. In the condensation between ethyl acetate and benzyl 
cyanide the yield was between 25 and 30% of the theoretical. About 25% of the benzyl 
cyanide could be recovered. In the hydrolysis of the acetobenzyl cyanide the pursed 
ester never represented more than 10% of the theoretical amount and often as low as five. 

Acetobenzyl cyanide crystallized in glistening white crystals melting a t  90'; in- 
soluble in water, easily soluble in alcohol, ether and ethyl acetate. The alcoholic 
solution gave a weak green color with ferric chloride. It is also soluble in sodium car- 
bonate solution and other alkaline media, from which it can be precipitated by acidifica- 
tion. It absorbs bromine readily. 

Ethyl a-phenyl acetoacetate is a colorless, slightly viscous oil boiling a t  145-147' 
at 11-mm. pressure. Its alcoholic solution gives a strong violet color with ferric chloride 
solution. 

Anal. Calcd.: C, 68.86; H, 6.84. Found: C, 68.66, 68.56; H, 6.66, 6.50. 
The phenylhydrazone of ethyl u-phenylacetoacetate was prepared by heating the 

ester with phenylhydrazine. It crystallizes in white needles turning yellow on exposure 
to  the air; melting point, 103.9 to 104.Z0, Beckh reporting 104'. 

1,4-Diphenyl-3-methyl-5-pyrazolone was prepared by heating the hydrazone to 
170 ', whereupon it melted and then solidified, forming crystals which when recrystallized 
from acetic acid melted a t  193-195O. Beckh reported this melting point as 196'. 

Bromine Titration 

I n  titrating the en01 form of ethyl a-phenyl acetoacetate against stand- 
ard bromine solution, we first compared what are known as the direct and 
the indirect methods. By the direct method7 the alcohol was cooled to 
- 7 O ,  the ester dissolved therein quickly and titrated against freshly pre- 
pared bromine ( N / 5 ) .  Since the alcoholic bromine solution is not stable 
for any great length of time, it must be standardized a t  the time of use. 
By the indirect method8 the sample is dissolved in alcohol as before and 
alcoholic bromine added. The bromine is here approximately of N/5  
strength and is added until a faint yellow color persists. The excess is 
then removed by the addition of 2 cc. of alcoholic 0-naphthol solution. 
Potassium iodide solution is then added and the solution heated generally 
for twenty minutes on the water-bath in the dark, the liberated iodine being 
titrated against sodium thiosulfate solution. Trying both methods we 
found the volumes of thiosulfate and bromine to check. 

Number 1 2 3 
Bromine, cc. 4.60 5.05 5.45 
Direct, NazSaOs equiv., cc. 7.2 8.45 8.45 
Indirect, Na2E&08, cc. 7.15 8.3 8.45 

7 Auwers and Eisenlohr, Z. physik. Chew., 83, 429 (1913). 
Meyer, Ber., 44,2718 (1911). 
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Using the indirect method of Meyer we obtained the following values for 
ethyl a-phenyl acetoacetate 

Sample, g. 0.4223 0.3317 0.3012 
Na&o~, cc. 10.8 8.7 7.9 
Enol, 54 27.9 28.9 28.9 Av., 28.6 

The literature seems to agree that the amount of thiosulfate used is 
directly proportional to the amount of bromine absorbed. We suggest, as 
a mechanism, the splitting off of positive bromine, its reaction with potas- 
sium iodide to liberate 21 and the reaction of the 21 with sodium thiosul- 
fate. Obviously it would be rather difficult to prove this-isolation of 
bromo ester undoubtedly would not give us positive bromine united to 
carbon for very long-a shift to  negative bromine would be expected to  take 
place almost inlmediately when isolated. 

Molecular Refraction 
Using the additive values found in the literature for the various elements 

in ethyl acetoacetate and applying these ~-alues to the a-phenyl ester, in- 
cluding modifications for various constructions, we calculated the molecu- 
lar refraction for the equilibrium mixture as follows 

n2,0 = 1.5130 and d:' = 10850 

Then using the formula 

The data for ethyl acetoacetate compared with those for ethyl cw-phenyl- 
acetoacetate can be plotted as follows 

100% keto calcd. Found 100% enol 

CH&~OCH~COOCZH~ 31.57 32.00 32.62 
CHaCOCH(CeH5)COOCfi 55.66 57.10 56.71 

using Briihl refraction equi~alents.~ 
From these figures it 3viYr"ll be seen that ethyl acetoacetate shows an en01 

content of 59.2% by the method of the refractive index and ethyl or-phenyl 
acetoacetate, 137.13%. These results are nowhere near the values ob- 
tained by bromine titration, 7.7 and 28.6%, respectively, and under the 
circumstances we prefer to place more reliance on the latter pair of figures, 
as indeed do all those who have preceded us in this sort of work. 

We explain our "abnormal" results by assuming an effect due to the 
presence of the pheiiyl group in the a-position. We have here a t  least one 
pair of conjugate double bonds and if we do not wish to pin ourselves down 
t o  any structure of benzene, a t  least we have the anomalous structure of 
the phenyl radical, whatever its actual configuration, to use as a reason for 
this increase in molecular refraction over the value calculated additively. 
Other investigators have met with the same obstacles. 

9 Bri.ihl, Ber., 27, 2478 (1894). 
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Discussion of Results 

Ethyl a-phenyl acetoacetate has been found to contain 28.6% of the 
en01 form at room temperatures (20') in pyrex glass. This is higher than 
that of the unsubstituted ester and the methyl derivative. These and 
other values mostly taken from the literature are as follows 

From data at  hand, then, it would appear that electropositive substitu- 
ents repress enolization or at  least are accompanied by such repression and 
electronegative groups facilitate this process. 

Conclusions 

Lowry and Burgess propose the chelate ring formula for acetoacetic 
ester.1° If we modify this conception to admit of oscillation of affinity 
to account for keto and en01 shift, the effect of an electronegative group, 
substituted in the a-position is more apparent. This group facilitates 
ionization of the a-hydrogen in much the same manner that chlorine is 
said to facilitate ionization of the substituted acetic acids. 

Materials.-Benzyl cyanide was obtained from the Eastman Kodak Co., and used 
as received. That recovered from the acetobenzyl cyanide synthesis was washed 
with water, dried over calcium chloride and distilled under reduced pressure. 

Ethyl acetate was washed with dilute alkali, then several times with water and dried 
over calcium chloride or anhydrous copper sulfate. It was then separated and distilled. 

Hydrochloric acid gas was generated by dropping concentrated sulfuric acid on dry 
sodium chloride. 

Summary 
1. A method for the preparation of a-phenyl acetoacetic ester is out- 

lined. This method is a modification of one already in the literature. 
2. Reliable data from bromine titration of this ester show that it has 

an en01 content at equilibrium, room temperature, in pyrex glass, of 28.6%. 
A mechanism is suggested for this series of reactions. 

3. Data on the en01 content obtained from a determination of the 
molecular refraction show 137.13010, obviously unreliable. 

4. The increase in en01 content of the a-phenyl ester over that of the 
unsubstituted ester is ascribed to the greater electronegativity of the phenyl 
over hydrogen, and the abnormally large value obtained by the refractive 
index method, to the presence of the anomalous benzene ring. 

BUFFALO. NEW YORE 

lo Lowry and Burgess, J. Chem. Soc., 123,2111 (1923). 
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[C~NTR~BUTION FROM THE COBB CHEMZCAL LABORATORY, UNIVERSITY O F  VIRGINIA 

N O T E  ON THE PUlUFICATION OF PHENANTHRENE1 

BY FRANK L. COHEN AND ULYSSE COBMIER 

RECBIvRD JUNE 12, 1930 PUBLISIIBD NOVELMBER 5, 1930 

Crude phenanthrene from anthracene oil is obtainable as a dark brown 
oily crystalline substance. It consists largely of phenanthrene, with vary- 
ing amounts of anthracene, fluorene, carbazole and dark tarry substances. 
Of these, anthracene is the most persistent, and its complete removal offers 
considerable difficulty. By fractional crystallization from a number of 
solvents, a nearly white product can be obtained which, however, melts 
variously from 102 to 115O, and gives a brilliant red picrate (phenanthrene 
picrate is pure yellow, with no red tinge). 

The toluene method of Wense2 involves great losses of material, and does 
not give a sufficiently pure product, nor did Schmidt's procedure3 give any 
better results; the method of Anschiitz and S c h ~ l t z ~ - ~  is difficult to carry 
out on large quantities of material. The alkali fusion method6 is likewise 
poorly adapted to  laboratory use. Purification over the picrate6 also 
proved impracticable and too expensive on a large scale. The red picrate 
from the partially purified phenanthrene, when recrystallized many times 
and boiled with prepared charcoal, is obtained as yellow hair-like needles of 
m. p. 145O, but on decomposition with ammonia always gives phenanthrene 
melting at about 102 to 105'. 

As emphasized by Anschiitz,* phenanthrene is far easier to separate from 
anthraquinone than from anthracene itself; we therefore turned to  a 
method used by SandquistS7 in which the novel feature was a controlled 
oxidation with concd. nitric acid. Under the conditions employed, an- 
thracene is oxidized to anthraquinone almost completely, while the phen- 
anthrene is nitrated only to a negligible extent. Sandquist made use of the 
picrate as well, which we have found to be time-consuming and expensive. 
Over forty kilograms of phenanthrene has been purified in this Laboratory 
by the method described below; it is rapid, economical, and can be applied 
to any reasonable quantity of material. The product is obtained in 
nacreous white flakes of m. p. 99-99.5', and gives a pure yellow picrate 
(compare Limpricht, Ref. 6) of m. p. 145O. 

This work was supported by the Committee on Drug Addiction of the National 
Research Council. 

Wense, Ber., 19, 761, note 3 (1886). 
Schmidt, ibid., 12, 1159 (1879). 
Anschiitz and Schultz, Ann., 196, 32 (1879). 

6 Akt. Teer- u. Erd-Oel Ind., German Patent 130,679. 
6 Limpricht, Ber.. 6, 532 (1873). 
7 Sandquist, "Studien iiber die PhenanthrensulfosSiruen," Dissertation, Upsala, 

1912. 
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Experimental 
Five kg. of crude phenanthrene was refluxed with 12 liters of 95% alcohol until 

solution was complete. This was cooled to about 15" and filterad; the use of a basket 
centrifuge a t  this point proved to be of great advantage, both in the amount of solvent 
recovered and in increased purity of the product. From 4.0 to 4.3 kg. of gray crystalline 
material of m. p. 105-110' was obtained.8 This crystallization removed the oily and 
wax-like impurities and most of the color. A small amount of phenanthrene goes with 
the mother liquor, but is so impure that its recovery is unprofitable. 

The purified product so obtained is now further treated in smaller lots. One kilo- 
gram was dissolved in 6 liters of alcohol, 120 g. of concd. nitric acid added and the 
solution refluxed vigorously for one and a quarter to one and a half hours. If any con- 
siderable quantity of red product separates from the hot reaction mixture a t  this point, 
i t  should be filtered out of the nearly boiling solution (centrifuge). When cooled, the 
solution set to a mass of large red flakes, yield 800 to 900 g., m. p. 93-98'. 

The substance was now distilled a t  atmospheric pressure, using about 500 g. in a 
liter distilling flask provided with a wide arm about 60 cm. in length to serve as an air 
condenser. The phenanthrene distilled as a pale yellow oil and dropped from the 
side arm into a large beaker of water which was stirred mechanically. The distillate 
solidified in thin yellow flakes or shells. Distillation was continued until the liquid be- 
gan to come over somewhat darkened. Further heating results in a violent explosion; 
there is no danger of explosion if the distillation is interrupted a t  the point where the 
dark distillate begins to come over. Distillation a t  reduced pressure is impracticable 
because of clogging of the delivery tube with crystals. 

The dried flakes of the distillate were recrystallized from alcohol (4 to 4.5 kg. in 12 
liters), again centrifuging for best results. A second recrystallization may be necessary 
to obtain a pure white product. Crude phenanthrene varies greatly, and in two cases 
a second oxidation with nitric acid was found necessary. The yield of pure phenan- 
threne of m. p. 99-99.5' was from 30-45% of the weight of crude starting material. 
Over 80% of the solvent can be recovered when the centrifuge is used. 

UNIVERSITY, VIRGINIA 

The presence of more than about 27, anthracene in phenanthrene raises the 
melting point, as may be shown by direct experiment. 
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[CONTRIBUTION PROM THE DEPARTMENT OF CHEMISTRY, STANFORD UNIVERSITY] 

MIXED CATALYSTS IN  THE FRlEDEL AND CRAFTS REACTION. 
THE YIELD OF BENZOPHENONE FROM BENZOYL CHLORIDE 

AND BENZENE USING FERRIC CHLORIDE-ALUMINUM 
CHLORIDE MIXTURES AS CATALYSTS 

BY W. A. RIDDELL AND C. R. NOLLER 
Rscmvan JITNB 16, 1930 PUBLISHED NOVEMBER 5,  1030 

Those who have used the Friedel and Crafts reaction to any extent are 
familiar with the fact that the yield of product may vary when different 
lots of the commercial grades of aluminum chloride are used. The usual 
explanation is that this variation is caused by exposure of the catalyst to  
moisture. Another possibility, however, is that the variation is due to  a 
positive or negative acceleration of the main reaction or of side reactions, 
or the inauguration of side reactions by impurities. Ordinary aluminum is 
about 98 to 99% pure, the impurities being chiefly iron and silicon,l and 
hence aluminum chloride prepared from it would be expected to  contain 
these same impurities. Aluminum chloride prepared from bauxite2 would 
contain a considerably higher percentage of impurities than that made from 
aluminum. 

In view of the well-known effect of impurities on many catalytic reac- 
tions, i t  seemed that an investigation of the effect of impurities in the 
catalyst on the yield of products from various Friedel and Crafts reactions 
would be desirable. Since krric chloride alone is known to have consider- 
able activity3 and is also known to be an impurity of aluminum chloride, 
an investigation of the use of mixtures of ferric chloride with aluminum 
chloride was undertaken. Since we began this work, we have become 
aware of a publication along similar lines4 and feel that i t  is desirable to 
publish our results in so far as they are complete a t  the present time. 

The following analysis of three samples of aluminum is given by Calvet, Compt. 
rend., 188, 1111 (1929). 

Aluminum 
Iron Silicon Copper by diff. 

Aluminum prepared by Hoopes process 0.015 0.019 0.022 99.944 
Pure aluminum 0.16 0.09 nil 99.75 
Ordinary aluminum 0.46 0.36" nil 99.18 

" The value 0.036 is given but this must be a typographical error. 
McAfee, Ind.  Eng. Chem., 21, 670 (1929). 
Nencki and co-workers, Ber., 30, 1766, 1768 (1897); 32, 2414, 2419 (1899). 
Boswell and McLaughlin, Can. J. Res., 1, 400 (1929); C. A., 24, 834 (1930). 

These investigators measured the amount of hydrogen chloride evolved in the reaction 
of benzene with chloroform. The catalysts used were aluminum chloride prepared 
from ordinary aluminum in various ways, ferric chloride, partially reduced ferric chloride 
and two mixtures of ferric chloride and aluminum chloride. Evidence is given for a 
maximum activity when an equimolecular mixture of ferric chloride and aluminum 
chloride is used. 
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After several preliminary experiments, i t  was decided to study first the 
reaction between benzoyl chloride and benzene. This reaction is not 
strictly catalytic since the optimum yields are obtained when one mole of 
aluminum chloride is used per mole of acid chloride. The reasons for 
studying this reaction, however, were that a comparison of the behavior of 
the catalysts could be based on the actual yield of the main product of the 
reaction, and that the results could be duplicated within an experimental 
error of 2 to 4%. Moreover, in this particular case the catalyst is com- 
pletely in solution a t  the end of the reaction so that one is dealing essentially 
with a single phase system. 

Pure aluminum chloride was obtained by the action of chlorine on 
aluminum having a purity of 99.95%.6 The material obtained in this way 
was practically white as contrasted with the gray to deep yellow color en- 
countered in the commercial grades of aluminum chloride. The anhydrous 
ferric chloride used was a commercial product that was resublimed in a 
current of nitrogen just before use. In  each case where mixtures of alu- 
minum chloride and ferric chloride were used, a homogeneous catalyst was 
obtained by fusing the mixture in a sealed tube. Actually it appears that 
the same results are obtained if a simple mixture of the powdered chlorides 
is used. The exact method of carrying out the reaction is given in the 
experimental part. 

The first series of reactions was carried out to determine the effect of 
varying the molecular ratio of aluminum cfiloride to benzoyl chloride. 
Although it is generally recognized that, in the preparation of ketones, one 
mole of aluminum chloride is required for each mole of acid chl~r ide ,~ no 
comprehensive data have been recorded on this point. The results ob- 
tained are plotted in Curve I ,  Fig. 1. According to the procedure used, 
there was a small amount of material obtained when benzene and benzoyl 
chloride alone were present, so that the curve does not pass exactly through 
the origin. As the amount of aluminum chloride is increased, the yield of 
benzophenone increases in direct proportion7 until slightly over one mole of 
aluminum chloride is present. Further increases in the amount of alumi- 
num chloride have no effect. 

6 The authors are indebted to the Aluminum Company of America for supplying 
them with aluminum prepared by the Hoopes process and having this high degree of 
purity. Aluminum chloride was also prepared by passing carbon tetrachloride vapor 
over pure alumina heated to redness, but this method is much slower and more difficult. 
Moreover, the product obtained was not quite as pure as that made from pure aluminum. 

6 Rubidge and Qua, Tms JOURNAL, 36,732 (1914). 
7 Considerable trouble was experienced in obtaining concordant results when less 

than 0.5 mole of aluminum chloride was used. This was caused by the difficulty of 
removing completely the unreacted benzoyl chloride when it was present in consider- 
able quantity, and was overcome by treating the benzene solution with an aqueous 
alcoholic solution of sodium hydroxide. 
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The second series was carried out on mixtures of aluminum chloride and 
ferric chloride. The total amount of mixed chlorides was kept constant a t  
1.1 moles and the composition varied from 100% ferric chloride to  100% 
aluminum chloride. The results are plotted in Curve 11, Fig. 1, and indi- 
cate that in this reaction the use of mixtures gives results that  are prac- 
tically the mean between those obtained with pure aluminum chloride and 
pure ferric chloride. 

100 

80 

' 60 
$ ' 40 

20 
~- 

0 
0 0 5 1 .O 1.5 

Moles AlCl, per mole C.sH6COCl. 
Fig. 1.-Curve I, variation of yield with amount of AIC13; 

Curve 11, variation of yield using mixtures of FeC13 and AlC4, and 
keeping the total amount of catalyst at 1.1 moles per mole of 
CeHsCOC1. 

Apparently the lower yields when ferric chloride is present are caused by 
the acceleration or inauguration of a side reaction. Thus in all cases where 
ferric chloride is used, a by-product containing iron is formed which is 
insoluble in the reaction mixture. Further evidence of this detrimental 
effect is shown by Curve 11, Fig. 2. In this series of reactions the amount 
of aluminum chloride was maintained constant at 1.1 moles, and additional 
ferric chloride added. In order to compare these results with those ob- 
tained when ferric chloride replaces aluminum chloride, the latter have been 
replotted as Curve I, Fig. 2. Curve I1 approximates Curve I a t  first but 
soon drops below it. A possible explanation of this fact is that  when suf- 
ficient aluminum chloride is present to take care of all the needs of the main 
reaction, a greater amount of the ferric chloride is available for producing 
the side reaction. This explanation would also account for the initial 
rapid drop of Curve 11, Fig. 1, with increasing amounts of ferric chloride. 
As long as ferric chloride replaces aluminum chloride that is in excess of 
one mole, the effect is very pronounced, but as the amount of aluminum 
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chloride drops below one mole, the curve flattens out to a straight line 
whose slope is less because more of the ferric chloride is being used for the 
main reaction and less is available for producing the side reaction. 

The yields of benzophenone are so high that no difference can be detected 
between the use of pure aluminum chloride and of resublimed commercial 
products. Some evidence has been obtained in another reaction, however, 
which indicates that the action of ferric chloride may be different in 
different types of the Friedel and Crafts reaction. 

Moles FeCl3. 
Fig. 2.-Curve I, same as Curve 11, Fig. 1, replotted; Curve 11, 

variation of yield using 1.1 moles AlCl, $. varying amounts of 
FeC4. 

Experimental 

Reagents.-Pure anhydrous aluminum chloride was prepared in a suitable appara- 
tus by passing chlorine over heated coils of aluminum sheet having a purity of 99.95%,6 
and was resublimed in an atmosphere of dry nitrogen just before use. The product ob- 
tained in this way was almost white, showing only the faintest yellow color in large crys- 
tals. 

The anhydrous ferric chloride was a commercial c. P. grade and was resublimed in a 
current of dry nitrogen. Because of the rapid absorption of moisture from the at- 
mosphere, it was necessary to work very rapidly with this material. 

A commercial grade of benzoyl chloride was used which boiled a t  196-198' and 
melted a t  - 1 to 0'. 

The benzene was dried by distillation and collected over a boiling range of less 
than 1 ". 

General Procedure.-Homogeneous mixtures of aluminum chloride and ferric 
chloride were prepared by placing the two salts in the desired proportions in a pyrex 
tube, sealing and heating in a bomb furnace until fused. The furnace was tilted a t  
an  angle so that the liquid collected in the lower end of the tube. 

A 500-cc. three-necked, round-bottomed flask was fitted with a sealed mechanical 
stirrer, a dropping funnel and a reflux condenser carrying an exit tube for leading off 
the hydrogen chloride evolved during the reaction. The powdered catalyst was rapidly 
weighed and transferred to the flask, which contained 70 cc. of dry benzene. After 
starting the stirrer, 24 g. (0.17 mole) of benzoyl chloride was run in as rapidly as possible. 
After the reaction had slowed down somewhat, the mixture was refluxed with stirring 
for three and one-half hours, after which time the evolution of hydrogen chloride had 
stopped. After cooling, the contents of the flask was decomposed by pouring into 250 
cc. of cold water, 10 cc. of concd. hydrochloric acid was added, and the two layers 
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separated. The benzene layer was washed three times with 50-ce. portions of 10% 
hydrochloric acid and this followed by three washings with 50-c~. portions of 10% sodium 
hydroxide and a final washing with water. The various aqueous layers were washed 
successively with a 50-cc. portion of benzene and this was added to the main benzene 
solution. In the first four funs plotted in Curve 2, Fig. 1, where a considerable excess 
of benzoyl chloride remained at  the end of the reaction, it was necessary to  modify the 
method of purifying the benzene solution. I t  was found that even hot dilute sodium 
hydroxide would remove the benzoyl chloride only very slowly. This difficulty was 
overcome by treating the benzene solution, after washing with hydrochloric acid, with 
75 cc. of an aqueous alcoholic solution of sodium hydroxide prepared by adding an 
equal volume of 95y0 alcohol to a 12N solution of sodium hydroxide. It is essential 
that a decided excess of sodium hydroxide be present to prevent the formation of ethyl 
benzoate. 

The purified benzene solution was dried over calcium chloride, the benzene distilled, 
and the residual oil heated in vacuo to 160' (thermometer in liquid) a t  25-mm. pressure. 
The resulting crude benzophenone was weighed for yield.8 The results are plotted in 
Figs. 1 and 2. 

Summary 
1. The yield of benzophenone prepared by the reaction of benzoyl 

chloride with benzene in the presence of mixtures of ferric chloride and 
aluminum chloride, has been found to be approximately the mean of that 
obtained using pure ferric chloride and pure aluminum chloride. 

2. The ferric chloride has a detrimental action which is apparently due 
to the acceleration or inauguration of an unknown side reaction. 

THE MERCURATION OF BETA-RESORCYLIC ACID 

During the course of a study of the mercuration of resorcinol and some 
resorcinol derivatives,' it was decided to mercurate a carboxylic acid 
derivative of resorcinol. j3-Resorcylic acid was selected for this work, 
because of the three carboxylic acid derivatives of resorcinol i t  is probably 
the easiest to prepare. 

It has been found that P-resorcylic acid very readily forms monomercur- 
ated and dimercurated derivatives. The compounds produced are some- 
what similar in properties to the corresponding mercurated alkyl resorci- 
no1s.l The reactions involved are also similar. The 0-resorcylic acid 
derivatives, however, seem to form more stable compounds. For instance, 
they do not darken appreciably when exposed to sunlight. Also they are 

8 The yields were more readily duplicated using this procedure than by calculating 
the yield on the distilled product. On distillation practically the entire amount came 
over between 184 and 186" a t  25 mm. 

1 Sandin, THIS JOURNAL, 51, 479 (1929). 
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more soluble in alkali solutions and these solutions are more stable than the 
alkali solutions of the mercurated alkyl resorcinols. 

Very recently Fox and Whitmore2 have found that certain organic com- 
pounds can be mercurated in alkaline solution, while other compounds of 
similar structure cannot. In this work i t  has been found that P-resorcylic 
acid is readily merctlrated in alkaline solution. 

The authors have noticed, as was also the case in the previous work on 
resorcinol compounds, that a yellow to brown color is associated with the 
mercurated derivatives which presumably have an anhydro structure. 
For that  reason it is suggested that an alternative structure which involves 
a quinoid grouping might be used. (Compare formulas I and 11. There 
is no evidence in this work that the substance corresponding to formula I1 
may not be of a para quinoid form instead of the ortho.) 

The mercurated derivatives described cannot be purified by crystal- 
lization. They readily lose acetate groups and form anhydro groups, 
especially on the application of heat. For these reasons, in order to 
prepare compounds of definite and constant mercury content, the experi- 
nental  conditions must be constant and rigidly followed. The starting 
materials must also be quite pure. 

Experimental Part 
Anhydro-5-hydroxymercuri-P-resorcylic Acid.-The 6-resorcylic acid used in this 

preparation and in subsequent work was obtained from the Eastman Kodak Co. Some 
0-resorcylic acid was also prepared for this work by the action of potassium bicarbonate 
on  res~rc ino l .~  Three and eight-tenths g. (0.02 of 6-resorcylic acid dissolved 
in about 25 cc. of hot glacial acetic acid was added t o  a hot solution of 3.18 g. (0.01 mole) 
of mercuric acetate in 25 cc. of glacial acetic acid. The resulting solution was heated for 
a few minutes and then poured into about one liter of cold water. It was allowed to 
stand for twelve hours. The white solid (probably the monohydroxyrnercuri-p-re- 
sorcylic acid) was filtered off, washed with water and then dried in the air oven a t  
100° for twelve to twenty-fourhours. It becameslightly colored. There was probably 
t h e  loss of water to form the anhydro-5-hydroxymercuri-0-resorcylic acid. The yield 
was 95%. It is soluble in a solution of sodium hydroxide. 

Fox and Whitmore, THIS JOURNAL, 51,2196 (1929). 
Nierenstein and Clibbens, "Organic Syntheses," John Wiley and Sons, Inc., 

New York, 1930, Vol. X, p. 94. 
The above quantity and also the calculation of the percentage yields of mer- 

curated derivatives are based upon the assumption that  the 0-resorcylic acid is an- 
hydrous. 
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Anal. Calcd. for C~H404Hg: Hg, 56.9; acetic acid, 0. Found: Hg, 56.8, 56.7, 
57.1, 56.3; acetic acid, 0.6 

The probable structure of this compound is indicated by formula I or 11. 
Tn order to prove the position of the mercury group, one molecular proportion of 

iodine was added to a suspension of one nlolecular proportion of the monomercurated 
compound in glacial acetic acid. This mixture was allowed to stand for about twelve 
hours, with occasional warming and stirring. The filtrate from this mixture was di- 
luted with water, the precipitate filtered off and extracted with alcoholic alkali. The 
mono-iodo acid was recovered from the extract by dilution with water and acidification. 
The product melted a t  172' without further purification. Nicolrt and Sampeye give 
172" as the melting point of 5-iodo-2,4-dihydrouybenzoic acid. 

Anhydro-3-hydroxymercuri-5-acetoxymerc~-resorcylic Acid. Thrco and eight- 
tenths g. (0.02 mole) of @-resorcylic acid dissolved in 50 cc. of hot alcohol was added to 
a boiling solution of 12.72 g. (0.04 mole) of mercuric acetate in 300 cc. of alcohol and 5 cc. 
of glacial acetic acid. Almost instantly a pale yellow solid separated. It was immedi- 
ately filtered off by suction and washed with hot alcohol. It was air dried for tkree 
days. The yield was 11.6 g. or 95%. I t  is soluble in a solutioil of sodium hydroxide, 
but otherwise insoluble in the ordinary organic solvents. 

Anal. Calcd. for C ~ H B O ~ H ~ Z :  Hg, 65.6; acetic acid, 9.8. Found: Hg, 64.8, 
64.8; acetic acid, 9.1. Other preparations of this compound gave the following per- 
centages for mercury: 66.4, 66.1, 65.6, 65.5. 

Of the several attempts to replace the mercury groups by iodine, according to the 
procedure outlined above, only one was apparently successful. The di-iodo acid ob- 
tained decomposed a t  191-195 O. 

Nicolet and Sampeye give the decomposition range of 3,5-di-iodo-2,4-dihydroxy- 
benzoic acid as 193-196'. 

In the preparation of the above dimercurated derivative, if a large amount of glacial 
acetic acid was used and practically no alcohol, or if the experiment as already described 
was carried out and then followed by a heating on the water-bath, a precipitate which 
was white and not yellow was obtained. This compound was probably the di-acetoxy- 
mercuri-8-resorcylic acid. However, attempts to obtain it pure by using glacial acetic 
acid as the medium were unsuccessful. The material on drying gradually lost acetic 
acid and became colored. The mercury content at  the same time gradually approached 
that required for the anhydro-3-hydroxymercuri-5-acetoxymercuri--resorcylc acid. 

Mercuration of 8-Resorcylic Acid in Alkaline Solution.-8 Resorcylic acid was 
converted into a dimercurated derivative, in alkaline solution according to the pro- 
cedure of Fox and Whitmore.Vhe mercurated compound was precipitated by bub- 
bling carbon dioxide through the alkaline solution or by nearly neutralizing the solution 
with dilute hydrochloric acid. The compound, which was brown in color, was probably 
anhydro-3,5-dihydroxymercuri-8-resorcylic acid. The yield was 80 %. 

Anal. Calcd. for C7H406Hg~: Hg, 70.4. Found: Hg, 69.9,69.4,69.3, 71.4. 

Summary 
1. The mercuration of P-resorcylic acid gives mono and dimercurated 

products. 
I t  was evident that the carbon dioxide formed by the decomposition of the 8- 

resorcylic acid [Hemrnelmayr and Meyer, Monatsh., 46, 143 (1916)] would interfere with 
the titration of acetic acid by the regular method [White, THIS JOURNAL, 42, 2355 
(1920)l. For this reason a blank determination was carried out on 8-resorcylic acid and 
phosphoric acid, making conditions as similar to the actual determinations as possible. 

Nicolet and Sampey, THIS JOURNAL, 49. 1796 (1927). 
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2. The anhydro compounds obtained are colored in such a way as to 
indicate the possibility of quinoid structure. 

3. p-Resorcylic acid can be mercurated in alkaline solution to give a 
dimercurated product. 

[CONTRIBUTION FROM THE C ~ M I C A L  LABORATORIES OF THE OHIO STATE UNIVERSITY] 

THE THERMAL DECOMPOSITION OF GASEOUS GERMANIUM 
TETRAETHYL 

In connection with the modern theory of the mechanism of gaseous re- 
actions i t  probably would be very helpful to study the kinetics of decom- 
position of a series of molecules which present a stepwise gradation of 
structure and stability. With this in mind we have begun an investigation 
of the thermal decompositions of the tetra-alkyls (such as the tetramethyls 
and tetraethyls) of carbon, silicon, germanium, tin and lead. This family 
of compounds presents a considerable variety of sizes of the central atom, 
a great difference of bonding forces with which the outlying groups are 
bound to the central atom, and affords the possibility of examining related 
molecules of various degrees of complexity. Preliminary study shows that 
the temperatures of appreciable decomposition extend over a wide range, 
from about 220' for lead tetraethyl to about 650" for silicon tetramethyl, 
and that in a t  least two cases, germanium tetraethyl and lead tetraethyl, 
and probably in all of the other cases, the decomposition is predominantly 
homogeneous and unimolecular. The present paper is an account of the 
behavior of germanium tetraethyl. Data for the other compounds will be 
presented in later papers. 

The thermal decomposition of gaseous germanium tetraethyl in the 
range 420-450° is a reaction about 98% homogeneous, and unimolecular 
down to pressures of about 8 cm. During the course of the decomposition, 
metallic germanium is deposited as a semi-mirror, or as what amounts to 
a sputtered film, on the walls of the reaction vessel, and i t  seems natural to  
represent the primary reaction as 

Ge(CzH6)e -+ Ge 3- 4CzH6 
( I t  must be admitted that this is only a suggested manner of decomposition, 
and that there is not enough evidence to justify setting up a detailed re- 
action mechanism. A similar formation of free methyl2 groups seems to be 
well established in the decomposition of lead tetramethyl.) The free 
ethyl groups might then be supposed virtually to unite to form normal bu- 

1 University Fellow, 1929-1930, The Ohio State University. 
Vaneth and Hofeditz, Ber., 62, 1335 (1929). 
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tane, and indeed in a preliminary study of the decomposition of lead tetra- 
ethyl (250°), this seems to be essentially what occurs; but in the case of 
germanium tetraethyl, which decomposes a t  a temperature almost 200° 
higher than lead tetraethyl, i t  is not likely that much actual butane would 
be formed. Hague and Wheeler3 noticed slow decomposition of butane a t  
about 435', and Hurd and Spence4" found some decomposition even a t  400°. 
The ethyl groups sloughed off from the germanium may react t o  give gase- 
ous products very much like the products which Hurd and Spence found 
for the pyrolysis of n-butane. Our ethyl groups yield 60-70% ethane and 
ethylene, a proportion which would be obtained if the butane molecules 
split in the middle, and followed predominantly Equation 2 of Nurd and 
~ ~ e n c e . ~ ~  A more detailed account of the decomposition products will be 
presented in Table V. 

Experimental 

The course of the decomposition of germanium tetraethyl was followed 
by measurement of the change of pressure in a reaction vessel. Because 
of the low vapor pressure of germanium tetraethyl at room temperature, 
glass membrane manometers of the null type described by Jackson5 and 
Gibson6 were employed. A combination mercury-piston mercury manome- 
ter was used for adjusting and measuring the higher air pressures outside 
the glass membrane, and an ethyl phthalate manometer for measuring the 
lower pressures (1-2 cm.). 

Both pyrex and quartz membranes and reaction chambers (of about 
10-15 cc. capacity) were constructed. At 440' even the stiffer pyrex 
membranes had a slight tendency to soften, although the subsequent change 
in zero point was not enough to affect the calculations to any great extent. 
However, to eliminate possible error from this source, clear fused quartz 
reaction chambers were used in practically all cases. The quartz mem- 
brane manometers were made of various degrees of sensitivity, depending 
on the pressures a t  which they were intended to serve. A few were esti- 
mated to have an extreme sensitivity of about 0.002 mm. 

Constant temperature was maintained, within 0.1-0.2O, with a sulfur- 
bath boiling under the required pressure, generally for convenience a t  at- 
mospheric pressure. The temperature was measured with a carefully 
calibrated chromel-alumel thermocouple placed alongside the reaction 
chamber a t  its mid-portion. 

Samples of germanium tetraethyl were very kindly donated by Professor 
L. M. Dennis of Cornell University, Professor C. A. Kraus of Brown 
University, and Mr. Thomas Midgley, Jr. 

Hague and Wheeler, Fuel Science Practice, 8, 560 (1929). 
4 (a) Hurd and Spence, THIS JOURNAL, 51,3353 (1929); (b) p. 3358. 

Jackson, J. Chem. Soc., 99, 1066 (1911). 
@Gibson, Proc. Roy. Soc. Edinburgh, 33, 1 (1912). 
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Briefly the procedure in making a run was as follows. A small amount of 
liquid germanium tetraethyl was sealed up in a small glass bulb with minute 
capillary ends in such a way that the bulb was filled and only an extremely 
small quantity of air was left in the capillary ends. This was an important 
precaution since small amounts of oxygen were found to increase the rate 
of decomposition quite appreciably. The reaction chamber was connected 
t o  a diffusion pump system by a short length of suction tubing, after a bulb 
of germanium tetraethyl had been placed in the tube a short distance from 
the chamber. The air pressure was reduced to about 0.001 mm., and dur- 
ing this evacuation the chamber was heated for about fifteen minutes with a 
blast lamp to remove adsorbed gases. The chamber, was then allowed to 
cool, the bulb rolled down into the chamber and the latter sealed off. The 
chamber was preheated in an electric furnace to a temperature about 100" 
below the temperature of appreciable decomposition, and from the pressure 
of the germanium tetraethyl a t  this temperature the initial pressure a t  the 
temperature of the decomposition run was calculated by means of Charles' 
law. The reaction chamber was quickly withdrawn from the furnace, 
thrust into the sulfur bath, clamped fast in a vertical position and a micro- 
scope focused on the edge of the membrane manometer pointer when it was 
in its zero position. Simultaneous readings of pressure and time were taken 
at one- to two-minute intervals during the first three-quarters of the de- 
composition, and at longer intervals during the remainder. The data for 
a typical run at  440.9' are given in Table I. 

Time, 
minutes 

0 
2.45 
3.85 
5.35 
6.40 
7.75 
9 .44  

10.73 
12.65 
14.17 

Pressure, 
cm. 

30.74 
33.97 
37.87 
42.27 
45.58 
49.75 
54.65 
57.98 
62.62 
65.80 

TABLE I 
DATA AND VELOCITY CONSTANT 

Velocity Time, 
9 - P constant, k minutes 
77.16 ..... 15.60 
73.93 ..... 17.25 
70.03 0.0389 19.12 
65.63 .0432 26.30 
62.32 .0493 29.97 
58.15 .0512 49.10 
53.25 .0521 64.75 
49.92 .0501 187 
45.28 .0509 225 
42.10 .0479 267 

AT 440.9" 
Pressure, 

crn. 
68.66 
71.56 
74.50 
82.80 
85.62 
94.40 
97.90 

106.20 
107.10 
107.90 

Velocity 
constant, k 

0.0492 
.0465 
.0432 

Column 3 gives the differences between the final pressure and the pres- 
sures a t  the various time intervals. After the first five minutes the velocity 
constant, k, calculated between successive time intervals by the usual uni- 
molecular equation, assumes a fairly constant value and remains fairly 
constant until the reaction is about 50% completed, and then falls off 
considerably. 

The fact that the decomposition is almost wholly homogeneous is demon- 
strated by the data presented in Table 11, 
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TABLE I1 

HOMOGENEITY OF ~rm REACT~ON IN QUARTZ 

Temp., Pinitisl Surface 
Run OC. (em.) k k (44Z0)  ratio 

Average . . .  . . . . . .  0.0505 1 
75 442.3 12.7 0.0550 .0544 10 

115 442.2 24 2 .095 .094 40-50 
204 441.1 29.5 .095 .099 40-50 
206 441.8 35 9 .090 .091 40-50 

In Column 5 the velocity constants are corrected to 442O. Since an in- 
crease in the surface to volume ratio of 40-50 times does not quite double 
the velocity constant, i t  follows that the reaction cannot be more than 
about 2% heterogeneous. The reproducibility of results from run t o  run 
argues for a largely homogeneous reaction. The reaction was also homo- 
geneous in Pyrex. 

That the decomposition is kinetically unimolecular is shown by the very 
constant values for the time of half change, t,,,, in Col. 6, and by the good 

TABLE I11 

DATA SHOWING ~NIMOLECUI~AR CHARACTER OF THE REACTION 

T',"L Pa, 
Run C. Vessel cm. 0, /Po minute.; k k (44Z0) 

190 441.6 P 46.5 3.43 16.5 0.048 0.049 
198 441.5 P 42.9 3.37 17.0 .052 .054 
132 441.7 Q 36.1 3.21 13.5 ,056 .057 
89 442.3 Q 36.3 3.49 16.5 .048 .047 
91 442.4 Q 34.0 3.61 17.0 .050 .049 

178 442.0 P 33.0 3.64 12.5 ,057 .057 
194 440.9 P 30.7 3.51 16 0 .051 .054 
85 441.8 Q 30.9 3.56 17.0 .046 .047 
43 441.2 P 28.5 3.46 16.5 .051 .053 
69 441.6 Q 26.6 3.63 15.0 .054 .055 
45 439.9 P 26.2 3.20 16.8 .051 .057 
87 441.9 Q 25.4 3.66 15.0 .0475 .048 
63 441.3 P 24.6 3.58 17.0 .047 .049 
67 441.8 Q 24.6 3.70 17.0 .0495 .050 

136 441.4 Q 22.6 3.63 15.0 ,051 .0525 
83 441.8 Q 21.0 3.61 16.3 ,050 .0505 
59 442.1 P 19.3 3 20 16.5 ,046 .046 
65 440.9 Q 18.5 3 90 14.0 ,057 .060 
41 440.6 P 16.3 3.46 16.5 .0525 .056 

134 441.9 Q 15.2 3.76 17.5 .048 .048 
71 442.1 Q 13.2 3.80 17.0 ,046 .046 
79 442.1 Q 13.1 3.54 16.0 .052 .052 
39 441.2 P 11.0 3.44 15.0 .052 .054 

254 441.2 Q 8.8 3.81 16.5 .053 .055 
250 441.0 Q 3.3 4.59 38 .017 .018 
252 441.3 Q 1.94 4.89 41 .0135 .0140 
248 440.2 Q 1.7 4.98 40 .015 .0164 
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agreement among the velocity constants of the various runs, indicated in 
Col. 8 of Table 111. 

Column 3 indicates the nature of the reaction chamber, pyrex or quartz, 
Col. 4 the initial pressure, and Col. 5 the ratio of final to initial pressure. 

The variation of the velocity constant with temperature is shown in 
Table IV. 

TABLE IV 

Init. press., Temp., Velocity constant, 
cm. O C .  k 

Average 
22.7 
22.2 
26.9 
33.8 
16.4 

The velocity constant as a function of temperature may be expressed 
approximately by the equation 

In k = 32.88 - 51,00O/RT 

The energy of activation of this reaction is about 51,000 with a possible 
error of several thousand calories. 

Discussion of Results 

Reference to the last three runs of Table 111 shows that the velocity 
constant begins to drop off appreciably at low pressures. At a partial 
pressure of germanium tetraethyl of about 7 cm. the velocity constant is 
about 0.040. We have estimated the effective diameter of a germanium 
tetraethyl molecule to be about 7 A. from the critical density, by using 
Herzog's7 empirical equation; and also roughly from the average shadow 
areas of a model of the molecule. From these data we have calculated that 
z, the total number of collisions per cc. per second, is 6 X and that the 
number of molecules reacting per cc. per second is 6.3 X 1014. Then- 
from the usual equation

Q 

k ( / c c / e .  
- Y'"""""] . [E + (k;; l ) R T ~ i n - l  -,n - 1 

we obtain a value between 8 and 10, for n the number of so-called active 
degrees of freedom, or the number of "square terms." 

Although the velocity constant falls off a t  low pressures, the introduction 
of hydrogen at a pressure of 20 cm. into germanium tetraethyl a t  a pressure 

Herzog, 2. Electrochem., 15, 345 (1909). 
8 Mack, THIS JOURNAL, 47, 2468 (1925). 
O Hinshelwood, "Kinetics of Chemical Change in Gaseous Systems," Oxford, 

1929, 2d ed., p. 155. 
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of 4.6 cm. failed to raise the value of the constant appreciably. Helium, 
argon and nitrogen a t  pressures of about 60 cm. were added to  the ger- 
manium tetraethyl a t  about 25 crn. and a t  first the results seemed to  indi- 
cate that these inert gases were raising the value of the velocity constant. 
However, careful analysis of the helium, argon and nitrogen showed the 

" presence of oxygen to the extent of 0.1-0.2%, and since the presence of 
oxygen in concentrations as large as this in the germanium tetraethyl sys- 
tem increased the velocity constant (in blank determinations) to  about 
the same extent as that found in the case of the inert gases, we concluded 
that the helium, argon and nitrogen themselves had in reality little, if any, 
effect on the velocity of the reaction. Our experience with the effect of 
oxygen in this system leads us to suggest that the increase in the velocity 
constant observed by Peaselo and Durgan for the pyrolysis of butane and 
propane, in the presence of added nitrogen, may be explained by the pres- 
ence of small quantities of oxygen. 

Carbon dioxide, a t  pressures of 42.4 and 86.5 cm., in germanium tetra- 
ethyl at pressures of 21.7 and 8.2 cm., respectively, caused the velocity 
constant to fall off to 0.034 and 0.024. The lowering was approximately 
proportional to the partial pressure of the carbon dioxide. This behavior 
suggests that the activated germanium tetraethyl molecules are being 
robbed of energy of activation by collision with the carbon dioxide mole- 
cules, and indeed the observed falling value of the velocity constant with 
gradual accumulation of reaction products toward the latter part of the 
reaction is in l i e  with the same idea. 

When hydrogen was introduced into the system with germanium tetra- 
ethyl at ordinary pressures (15-25 cm.), the ratios of the final to  initial 
pressures indicated that some of the hydrogen was disappearing in the 
reaction, and the amounts disappearing were roughly proportional to the 
pressure of the added hydrogen. Since hydrogen at pressures above about 
25 cm. was lost in appreciable amounts by diffusion through quartz mem- 
branes of the type we were using, it was necessary to conduct these experi- 
ments in Pyrex. Analysis of the products of the reaction showed un- 
doubtedly that the disappearance of hydrogen in the reaction was due t o  
the hydrogenation of unsaturated hydrocarbons, as Pease found in the 
case of ethylene-hydrogen mixtures," although, in the present instance, 
as suggested below, it seems likely that the hydrogenation reaction occurs 
a t  the instant of germanium tetraethyl decomposition. 

Analyses of the gaseous products of decomposition were carried out in 
a modified Bone-Wheeler apparatus. Special reaction vessels were con- 
structed in order to facilitate the handling of the small volumes of gas, 
amounting to about 10 cc., available for analysis. When the decomposi- 

' 0  Pease and Durgan, THIS JOURNAL, 52, 1262 (1930). 
11 Pease, ibid., 52, 1185 (1930). 
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tion was completed, the chamber was cooled to room temperature and the 
pressure measured. This pressure, when calculated by Charles' law to the 
temperature of the decomposition, in nearly all cases checked fairly well 
with the final pressures actually measured, thus affording evidence that 
the  amounts of high-boiling compounds were very small or zero. The 
chamber was then cooled to liquid-air temperatures and the vapor phase, 
consisting of hydrogen and methane, pumped off by means of a Topler 
pump. The residue was warmed to room temperature, cooled in liquid 
air and the vapor phase pumped off again. As a rule very small amounts of 
gas were obtained from this second fractionation. By slow combustion 
analysis the amounts of hydrogen and methane in the original sample were 
obtained. The residual gas in the reaction chamber was pumped out and 
analyzed for saturated and unsaturated hydrocarbons. At first the un- 
saturation was estimated only as ethylene and higher olefins, according to 
Hague and Wheeler. In later analyses the higher olefins were separated 
into groups according to Hurd and Spence. Combustion of the saturated 
hydrocarbons gave the average carbon content per molecule, and showed 
the presence of practically nothing except ethane and propane. No great 
accuracy is claimed for the analysis, but on any given sample it is probably 
correct to  within a few per cent. Typical analyses are given in Table V. 
It will be noted from the table that the total percentage of unsaturation is 
practically independent of the two methods, (a) and (b), employed, al- 
though the separation of the different groups of the unsaturated fraction 
according to the Hurd and Spence method (b), is undoubtedly more reli- 
able. 

TABLE V 

ANALYSIS OF GASEOUS PRODUCTS 
Added hydroxen 

Run 168" 175" 1946 1985 170a 1748 182" 

Hydrogen, % 11.6 10.6 10.6 11.5 11.0 11.0 11.0 
Methane, O/o 12.2 9.9 7.5 9.5 14.8 15.5 15 0 
Ethane, % 29.9 34.2 41.5 43.9 51.4 45.0 5 6 3  
Propane, % 10.3 8.6 3 .3  2.9 4.0 5.4 0.0 
Ethylene, yo 29.2 29.6 21.7 17.3 14.8 16.7 14.3 
Propylene + butylene, q/, . . . 12.7 12.9 . . . . . 
Isobutylene, etc., yo 1.6 1 .7  . . 
Acetylenes, yo . . .  . 1.4 0.3 . 0.3 
Higher olefins (propylene, 6.9 9 .8  3.8 6.1 2.8 

etc.1, % 
" Hague and Wheeler method of analysis of unsaturation. Hurd and Spence 

method. 

Among the experiments in which hydrogen was added to the reaction 
system were three, namely, Runs 170, 174, 182, with the added hydrogen a t  
a pressure of about 50 cm., which are tabulated above. In  order to obtain 
a comparison between the composition of the product gases in these cases 
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and the normal decompositions in the absence of added hydrogen, it was 
assumed as an approximation that about 11% of hydrogen would be formed 
in all of the decompositions, and the added hydrogen was not included in the 
listed percentage composition. 

The data show clearly that in the presence of added hydrogen the decom- 
position yields a higher proportion of saturated hydrocarbons. Still, a 
large part of the uasaturation always remains. In addition, the times of 
half change, t,,,, had about the same value as in the absence of added hy- 
drogen. This indicates that the hydrogenation takes place simultaneously 
with the decomposition of the germanium tetraethyl molecule, and not in a 
later independent reaction, It seems probable that during the instant 
immediately following decomposition, while an unsaturated molecule 
(C2H6, C2H4, etc.), still has its share of the energy of activation from the de- 
composition, it is much more easily hydrogenated by collision with hydrogen 
than after the loss of this energy by collision with other molecules. 

When the decomposition was carried out in the presence of added ethyl- 
ene, part of the ethylene was found to disappear during the reaction. 
Probably there were two factors involved, hydrogenation and polymeriza- 
tion to the more stable butylene, as Pease found in the case of ethylene- 
hydrogen mixtures a t  this temperature. This polymerization, with large 
amounts of added ethylene, had the effect of raising the velocity constant 
during the first part, and of lowering i t  during the last part, of the reaction. 
This effect is to be expected since the calculation of the velocity constant 
involves the final pressure and since the polymerization lowers the ratio of 
final to initial pressure markedly. The polymerization of ethylene comes 
practically to a stop toward the later stages of a run, not only because of 
the decreasing partial pressure of the ethylene, but probably also because of 
the decreasing effect of the falling concentration of germanium tetraethyl 
on the polymerization. Taylor12 and Jones have recently claimed that  
decomposition of metal alkyls induces ethylene polymerization. 

In a normal run, in the absence of added ethylene, it seems that the velocity 
constant and the time of half change of the primary decompositions of 
germanium tetraethyl are unaffected by any reactions occurring among the 
product gases, if sucli reactions occur a t  all, or at least that  these latter 
consecutive reactions must be rapid compared with the slower primary de- 
composition. Other considerations, as well, seem to justify the validity 
of using pressure measurements as a means of following the course of the 
primary decomposition. 

The above analyses also show that the products vary slightly in propor- 
tion from run to run. This is also indicated by the variation in the values 
of the ratios of final to initial pressure in Table 111. It is to  be noted, 
though, that the absolute variations in the ratios of final to  initial pressures 

12 Taylor and Jones, Tars JOURNAL, 52,1111 (1930). 
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are not to be taken too seriously, since there is one important source of error 
in the determination of these values. The final pressure was measured in 
the sulfur-bath; the initial pressure in an electric furnace. I t  was not al- 
ways expedient to see that the chamber took exactly a vertical position in 
both cases. Hence the weight of the manometer pointer would cause 
error in each measurement which would be magnified in the ratio. Since 
the velocity constants were calculated from differences in pressure in the 
sulfur-bath, they are reliable in spite of the possible error in the absolute 
pressures. 

Summary 

The thermal decomposition of gaseous germanium tetraethyl in the 
temperature range 420-450' has been studied and has been found to be 
about 98% homogeneous, and unimolecular down to a pressure of about 
8 cm. 

At about 7 cm. the value of the velocity constant begins to fall off, but 
the addition of hydrogen gas to the reaction system does not raise the con- 
stant appreciably. 

The energy of activation is about 51,000, with a possbile error of several 
thousand calories, and the velocity constant is given by the equation, In k = 
32.88 - 51,00O/RT. The number of active degrees of freedom calculated 
a t  the pressure where the velocity constant begins to fall off is between 8 
and 10. 

The reaction yields metallic germanium, and analysis of the gases from 
the decomposition shows essentially the products obtained by pyrolysis 
of butane. Added hydrogen and ethylene enter into hydrogenation and 
polymerization reactions in the gaseous system. Added carbon dioxide 
cuts down the velocity constant, but nitrogen, helium and argon have little, 
if any, effect. 

It seems justifiable to measure the course of this decomposition by pres- 
sure changes, and the pressures have been measured with quartz and pyrex 
membrane manometers. 

C O L ~ U S ,  OHIO 
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THERMAL DATA ON ORGANIC COMPOUNDS. 
IX. A STUDY OF THE EFFECT OF UNSATURATION ON THE 

HEAT CAPACITIES, ENTROPIES AND FREE ENERGIES OF 
SOME HYDROCARBONS AND OTHER COMPOUNDS1 

BY GEORGE S PARKS= AND HUGH M. HVFFMAN~ 
RECEIVED JUNE 27, 1930 PUBLISHED NOVE~SBBR 5. 1930 

In the three papers4 of this series immediately preceding the present one, 
we presented data for the heat capacities, entropies and free energies of 
more than thirty hydrocarbons. These results were utilized in determining 
the effect (1) of increasing the length of the chain in an aliphatic hydro- 
carbon, (2) of inserting side branches on the main chain and (3) of intro- 
ducing one or more phenyl groups. The present investigation is essentially 
similar in character to those which have gone before it but deals particularly 
with the problem of unsaturation, i. e. ,  the effect of the C-C bond on the 
heat capacities, entropies and free energies of hydrocarbons and other 
compounds. In this study we have used many of the data previously 
obtained and also have made new heat capacity measurements on the 
following twelve compounds fumaric acid, maleic acid, succinic acid, 
pentene-2, trimethylethylene, n-pentane, cyclohexene, methylcyclohexane, 
di-isobutylene, stilbene, dibenzoylethylene and dibenzoylethane. 

Materials 
Fumaric Acid, Maleic Acid, Succinic Acid, Dibenzoylethylene and Dibenzoyl- 

ethane.-These substances were supplied to us in pure form by Professor James B. 
Conant of Harvard University. Concerning them he writes as follows. 

"The fumaric acid was a commercial material (presumably prepared by the cata- 
lytic oxidation of benzene) which I recrystallized three or four times from water. The 
succinic acid was a high-grade commercial product which I personally recrystallized twice. 

"The maleic acid was prepared by redistilling in glass maleic anhydride. This 
anhydride was then dissolved in distilled water and crystallized by concentration in 
vacua. This is the only method which gives a really pure maleic acid free from fumaric. 
The melting point given in the literature is 130-131 O. If slowly heated in the ordinary 
melting point apparatus. the acid I am sending you melts at  this temperature. It 
shows a somewhat higher melting point if rapidly heated. Personally I am inclined to  

1 This paper contains results obtained in an investigation of the heat capacities 
and free energies of some typical hydrocarbon compounds, listed as Project No. 29 of 
the American Petroleum Institute Research. Financial assistance in this work has been 
received from a research fund of the American Petroleum Institute donated by The 
Universal Oil Products Company. This fund is being administered by the Institute 
with the cooperation of the Central Petroleum Committee of the National Research 
Council. 

Director, Project No. 29. 
American Petroleum Institute Research Associate. 

4 Parks, Huffman and Thomas, THIS JOURNAL, 52,1032 (1930); Huffman, Parks 
and Daniels, ibid., 52, 1547 (1930); Huffman, Parks and Thomas, ibid., 52,3241 (1930). 
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think that thii higher value may be nearer the truth, in spite of the statements in the 
literature. 

"The dibenzoylethane (CeHsCO(CHz)*COCsHa) and ethylene ( ~ ~ ~ ~ s - c ~ H ~ c o c H = =  
CHCOCsH6) were prepared according to the methods described by Lutz and myself.6 
They were purified by repeated recrystallization from alcohol. In  this connection it 
should be noted that the ethane sample was very kindly donated by Professor Lutz of 
the University of Virginia." 

Pentene-2, Trimethylethylene, n-Pentane and Di-isobuty1ene.-These four hydro- 
carbons were very carefully prepared for us by Dr. H. E. Buc of the Standard Oil De- 
velopment Company. Their preparation is difficult, and none of them could be obtained 
in the open market in a state of purity sufficient for our work. 

The pentene-2, CH8CH=CHC2Hs, was prepared by dehydration of secondary 
amyl alcohol. The product was dried with alkali and then refractionated over anhy- 
drous copper sulfate. Two additional fractionations in a special still gave a final 
product which boiled between 36.27 and 36.31" a t  765 mm. In spite of thevery small 
boiling range of this material, we were never able to crystallize it completely in the course 
of our specific heat measurements. The explanation of this fact is probably to be found 
in geometrical isomerism, since pentene-2 may exist in cis and trans forms similar'to 
maleic and fumaric acids. Undoubtedly one of these forms of pentene-2, probably the 
trans, is somewhat more stable thermodynamically than the other; but it is quite possible 
tha t  some of each was produced in the present synthesis and was carried through the 
fractional distillations into the final product. In this event we were really working upon 
a solution rather than on a pure compound. However, the specific heats of the two forms 
should not differ greatly, and therefore we believe that our data for this substance in the 
liquid state are fairly reliable. The incomplete crystallization prevented us from ob- 
taining accurate values for the crystals or for the heat of fusion. 

The trimethylethylene, (CHa)2C===CHCH3, was prepared from a cruder sample of 
this material by fractional distillation. Fifteen successive fractionations, starting with 
about 1800 cc. and ending with 200 cc., gave a final product which boiled at  38.5-38.6O, 
765 mm. This material crystallized in satisfactory fashion and was evidently fairly pure. 
It is interesting to note that the compound does not admit of geometrical isomerism. 

The n-pentane was similarly prepared from a sample of crude "normal pentane" 
(a petroleum product) by an elaborate series of fractional distillations It boiled at  
35.75-35.80" (746 mm.) and, when cooled by liquid air, produced crystals which 
exhibited a very sharp melting point a t  143.4OK. Without doubt this was one of the 
purest hydrocarbon samples that we have ever studied. 

The di-isobutylene was prepared by polymerization of isobutylene and subsequent 
fractionation. I t  presumably has the formula (CH3)3CCH=C(CHa)a. On being cooled 
with liquid air, it first formed a glass, which crystallized completely as it warmed up. 
While the melting point of the crystals was not sharp, we believe that our thermal data 
for this substance are fairly reliable, although probably not of the same order of accuracy 
as for the other compounds. 

Cyclohexene and Methylcyclohexane.-High grade Eastrnan products were sub- 
jected to a series of fractional distillations and to successive dryings with anhydrous 
copper sulfate. The final sample of cyclohexene boiled at  83.0°, 765 mm.; that of the 
methylcyclohexane boiled at  100.95-101.OOO, 763 mm. Both substances exhibited 
sharp melting points after crystallization with liquid air. . 

Stilbene.-Eastman's stilbene (m. p. 120') was subjected to four crystallizations 
from ethyl alcohol. The final product melted a t  124.2O. I t  is considered to be the 
trans form. 

Conant and Lutz, THIS JOURNAL, 45,1303 (1923). 
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Experimental Results 
In principle, the method of Nernst was employed with an aneroid calo- 

rimeter in determining the "true" specific heats and the fusion data. The 
apparatus and details of experimental procedure have been fully described 
in other places.Vn view of the accuracy of the various measurements 
involved, the error in the experimental values thereby obtained is probably 
less than 1%, except in so far as impurities in a hydrocarbon sample, such 
as that of di-isobutylene, may cause premelting or otherwise influence the 
results. 

The specific heats and the fusion data, expressed in terms of the 15" 
calorie7 and with all weights reduced to a vacuum basis, appear in Tables I 
and 11. 

TABLE I 
SPECIFIC HEATS 

FUMARIC ACID : Crystals 
. . . . . . . . . .  Temp., O K . .  91.3 97.2 104.7 112.5 135.0 144.1 155.6 175.2 

Cp per g.. . . . . . . . . . . . .  0 128 0.135 0 141 0.148 0.168 0.174 0.183 0.199 
. . . . . . . . . .  Temp., OK.. 184.9 193 5 215 2 234 6 255 7 275.6 288.0 297.1 

Cp per g.. . . . . . . . . . . . .  0.206 0.212 0.231 0.246 0.261 0 275 0.285 0.292 

Temp., OK.. . . . . . . . . . .  91.0 97.5 103.4 124.0 136.4 149.7 163.5 177.7 
C, per g.. . . . . . . . . . . . .  0.124 0.130 0.134 0.150 0.160 0.170 0.180 0.190 

Temp.. OK.. . . . . . . . . . .  189.0 199.6 220.7 247.1 275.1 281.5 287.9 294.4 
Cp per g.. ............ 0.198 0.207 0.222 0.241 0.262 0,268 0.273 0.279 

SUCCINIC ACID : Crystals 
Temp., OK.. . . . . . . . . . .  93.4 100.9 113.7 125.5 139.7 154.7 185.1 215.0 
C, per g.. . . . . . . . . . . . .  0.134 0.141 0.152 0.162 0.174 0.187 0.211 0.237 

Temp., OK.. . . . . . . . . . .  244.3 260.0 265.9 272.4 274.6 276.0 283.4 289.8 
C, per g.. . . . . . . . . . . . .  0.262 0.277 0.289 0.344 0.295 0.289 0.296 0.303 

PENTENE-2 : Liquid 
Temp., OK.. . . . . . . . . . .  136.1 152.8 169.0 201.2 230.8 260.6 275.1 289.1 
C, per g.. . . . . . . . . . . . .  0.436 0.439 0.443 0.458 0.474 0.492 0.504 0.515 

TRIMETHYLETHYLENE : Crystals 

Temp., OK.. . . . . . . . . . .  92.7 93.9 97.3 101.0 104.8 107.5 111.3 
C, per g.. . . . . . . . . . . . .  0.238 0.240 0.247 0.254 0.261 0.266 0.277 

Liquid 
Temp.. OK.. . . . . . . . . . .  143.9 152.8 173.4 183.8 201.4 203.4 213.7 231.5 
C, per g.. . . . . . . . . . . . .  0.448 0.448 0.449 0.452 0.459 0.461 0.466 0.471 

Temp., OK.. . . . . . . . . . .  233.5 253.5 263.4 275.4 283.4 289.0 293.9 
Cp per g.. . . . . . . . . . . . .  0.473 0.485 0.491 0.498 0.505 0.508 0.512 

6 Parks, THIS JOURNAL, 47, 338 (1925); also Parks and Kelley, J .  Phys. Chem., 
30,47 (1926). 

7 The factor 0.2390 has been used in converting from the joule to the 15" calorie. 
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T. 'BLE I (Continued) 
n-PENTANE : Crystals 

Temp.. OK ............ 92.8 97.9 102.7 108.6 114.8 121 0 126 7 132.2 
Cp per .............. 0.233 0.243 0.251 0.261 0.271 0.282 0.292 0.306 

Liquid 

Temp., OK ............ 149.9 154.1 162 4 169.9 185 5 200.4 214.9 
Cp per g . . . . . . . . . . . . . .  0.465 0 465 0.468 0 468 0 473 0.479 0 485 
Temp., OK . . . . . . . . . . . .  231.2 244.5 260.2 274.8 279.2 284.7 290.0 
Cp per g . . . . . . . . . . . . . .  0.494 0.501 0.514 0.528 0.531 0.536 0.540 

Temp.. OK ............ 
C, per g . . . . . . . . . . . . . .  

Temp .. OK . . . . . . . . . . . .  
Cp per g .............. 

Temp.. O K  . . . . . . . . . . . .  
C, per g . . . . . . . . . . . . . .  

............ Temp., OK 

Cp per g . . . . . . . . . . . . . .  

CYCLOHEXENE: Crystals I 
92.0 99.2 105.7 112.6 119.3 125 7 131 8 

0.155 0.164 0.171 0.178 0 185 0 192 0 199 

Crystals I1 
146 5 151 2 157.1 162 8 
0.280 0 286 0.294 0.312 

Liquid 
175.2 177.1 185.4 197.1 211 9 227.0 
0.336 0.337 0.342 0.349 0.358 0.368 

243.8 256.7 275.8 280 6 286 9 293.2 
0.382 0.390 0.407 0.411 0.419 0.423 

METWLCYCLOHEXANE : Crystals 
. . . . . . . . . . . .  Temp..OK 93.2 99.2 105.5 111.6 1122 1182 124.5 1300 

. . . . . . . . . . . . . .  C, per g 0.154 0.162 0.170 0.178 0.179 0.186 0.195 0.205 

'Liquid 
. . . . . . . . . . . .  Temp.. OK 151.4 157.1 170.3 182.6 199.4 214.3 

C,, per g . . . . . . . . ._  0.339 0.343 0.351 0.359 0.368 0.378 
Temp., OK . . . . . . . . . . . .  229.4 244.9 260.0 275.4 285.2 294.2 
Cp per g . . . . . . . . . . . . . .  0.389 0.400 0.412 0.426 0.436 0.443 

DI-ISOBUTYLENE: Crystals 
Temp.. OK ............ 92.1 94.5 97.0 103.3 110.0 124.2 125.5 131.3 
Cp per g . . . . . . . . . . . . . .  0.188 0.195 0.202 0.217 0.226 0.247 0.249 0.260 

Liquid 
Temp., O K  . . . . . . . . . . . .  183.0 189.1 210.5 230 1 251.8 275.2 281.2 296.0 

. . . . . . . . . . . . . .  Cpperg 0.407 0.410 0.425 0.439 0.454 0.475 0.481 0.497 

STILBENE :a Crystals 
Temp.. OK . . . . . . . . . . . .  92.3 93 9 101.7 109 8 124.3 134.0 148.3 164.9 
C, per g . . . . . . . . . . . . . .  0.116 0.118 0.123 0.129 0.140 0.148 0.159 0.174 

Temp., OK . . . . . . . . . . . .  179.6 198.8 211.7 227.6 254 4 264.8 276.4 292.8 
C, per g . . . . . . . . . . . . . .  0.188 0.206 0.219 0.235 0.262 0.273 0.284 0.301 

DIBENZOYLETHYLENE : Crystals 
Temp .. OK . . . . . . . . . . . .  8 8 3  97.5 107.8 127.0 138.6 151.5 165.0 178.5 
C, perg . . . . . . . . . . . . . .  0.111 0.117 0.126 0.141 0.150 0.161 0.172 0.183 

. . . . . . . . . . . .  Temp ., OK 192.5 206.3 230.3 251.8 258.5 277.6 284.0 291.9 
C, per g . . . . . . . . . . . . . .  0.196 0.208 0.231 0.251 0.257 0.277 0.284 0.290 
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TABLE I (CowJuded) 
DIBENZOYLETHANE: Crystals 

Tenp.,OK . . . . . . . . . . . .  93.2  99.8 107.8 117.1 124.0 134.1 145.8 156.0 
C, per g.. . . . . . . . . . . . .  0.115 0.121 0.128 0.135 0.141 0.151 0.161 0.171 
Temp., OK.. . . . . . . . . . .  164.6 169.5 172.7 180.3 182.4 186.2 190.6 194.4 
C, per g.. . . . . . . . . . . . .  0.179 0.183 0.188 0.203 0.207 0.219 0.200 0.200 
Temp., OK.. . . . . . . . . . .  214.0 243.8 255.4 276.0 276.3 281.9 289.0 296.0 
C, per g.. . . . . . . . . . . . .  0.215 0.241 0 252 0.272 0.272 0.277 0.284 0.292 

In this connection we wish to acknowledge our indebtedness to Mr. A. C. Daniels 
of this Laboratory, who very kindly made the measurements on stilbene for us. 

TABLE I1 
FUSION  DATA^ 

Heat of fusion (cal. per g.) 
Substance M. p., O K .  1st result 2d result Mean 

Trimethylethylene 138.9 25.82 25.66 25.74 
n-Pentane 143.4 27.75 27.75 27.75 
Cyclohexene 169 0 9.56 9.58 9 .57  
Methylcyclohexane 146.2 16.25 16.24 16.24 
Di-isobutylene 172 16.83 ... 16.83 

" In the calculation of these fusion values, the marked rise in the specific heat of the 
crystals as the melting point is approached was attributed to premelting; and the heat 
absorbed in this region in excess of that obtained by extrapolation of the specific heat 
data at  lower temperatures was added to the heat absorbed at the melting point. 

Transition Heat of transition (cal. per g.) 
Substance temperature, OK. 1st result 2nd result Mean 

Cyclohexene 138.7 12.19 11.53 11.86 

For comparison with these values the literature8 contains only very 
meager data. Our extrapolated specific heat curve for succinic acid is 
about 6% above the value obtained by Hess at a mean temperature of 25O 
and 3.5% above that of deHeen at 35'. For n-pentane Schlesinger has 
made determinations on the liquid at -78 and OO. His results are below 
our curve by 0.2 and 2.3y0, respectively. The specific heat value of Nadej- 
din for "isoamylene," presumably trimethylethylene, a t  a mean tempera- 
ture of -3.5' is only 0.4% above our curve for this substance. 

Cyclohexene was found to exist in two crystalline forms with a fairly 
definite transition temperature at 138.7OK., and the heat of transition was 
measured by the same procedure used in the fusion determinations. The 
data thus obtained are recorded in Table 111. In this connection it is 
noteworthy that the heat of transition is about 25% greater than the heat 
of fusion. 

In the cases of succinic acid and dibenzoylethane the specific heat curve 
for the crystals show a small maximum or "hump." Such a phenomenon 

8 Landolt-Bornstein-Roth-Scheel, "Tabellen," Julius Springer. Berlin. 1923, 
pp. 1267 and 1271. 
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has been observed for several other compounds which have been studied in 
this Laboratory and is undoubtedly real, although its explanation is not 
apparent. For dibenzoylethane the hump comes a t  about 187OK. (see 
Fig. 1) and the heat effect in excess of the normal specific heat amounts to 
0.22 cal. per g. or 52 cal. per mole. The two parts of the heat capacity 
curve below and above this transition region fit together quite smoothly, 
indicating that the same crystalline form probably exists over the entire 
temperature range. A similar hump was found for succinic acid a t  about 
2'72OK. with a heat effect of 41 cal. per mole. 

Temp., O K .  

Pig. 1.-Curve I refers to dibenzoylethane; I1 to dibenzoylethylene; 
I11 to n-pentane; IV to pentene-2. 

A careful study of the thermal data indicates that the withdrawal of a 
mole of hydrogen, with the resulting production of an ethylenic double bond 
in the parent compound, ordinarily lowers somewhat the molal heat ca- 
pacity a t  a given temperature. Outside of the hump region the effect is 
hardly noticeable in the case of crystalline dibenzoylethane and dibenzoyl- 
ethylene, where the change in the molecular weight is less than 1%, while 
it is quite appreciable with liquid n-pentane and pentene-2, where the 
change in molecular weight is about 3%. These examples are, perhaps, 
rather extreme cases, and, accordingly, we have represented them graphi- 
cally in Fig. 1. 

The lowering in molal heat capacity on formation of an olefin is un- 
doubtedly due to the decreased vibrations (as a result of the increased 
constraints) of the carbon atoms adjacent to  the double bond rather than 
t o  a loss of the thermal energy associated with the vibrations of the two 
hydrogen atoms. This last is probably negligible a t  all temperatures up 
t o  that  of the room. 
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Discussion 
Entropies of the Compounds.-Using the data contained in Tables I, 

I1 and 111 in conjunction with the third law of thermodynamics, we have 
calculated the molal entropies a t  298.1°K. for all the compounds except 
pentene-2. In these calculations we have employed the extrapolation 
method of Kelley, Parks and Huffmanqor estimating the entropy increase 
for the crystals, Col. 2 of Table IV, from 0 to 90°K. The various entropy 
increments from 90 to 298.1°K., which appear in Cols. 3, 4 and 5 of the 
table, were obtained by the usual methods directly from the experimental 
data. The results for the total entropy in calories per degree appear under 
the heading Szss in the last column. In the case of stilbene, which is 
normally crystalline, we have roughly calculated the entropy of fusionlo 
a t  298' so as to obtain a value for its entropy as a liquid, even though the 
liquid state is unstable a t  this temperature. 

TABLE IV 
ENTROPIES OF THE SUBSTANCES PER MOLE 

Crystals 
Substance 0-90°K. Above 90°K. Fusion Liquid S z s s  

Fumaric acid 12.31 27 34 . . . . . .  39.7 
Maleic acid 12.10 25.97 . . . 38.1 
Succinic acid 13.17 28.86" . . .  . . 42.0 
Trimethylethylene 13.12 8.37 12.99 25.00 59.5 
n-Pentane 13.53 9.09 13.95 25.42 62.0 
Cyclohexene 11 76 18.13~ 4.65 17.28 51.8 
Methylcyclohexane 13.08 8.77 10.90 26.59 59.3 
Di-isobutylene 15.24 18 03 10.96 27.12 71.4 
Stilbene (solid) 19.81 40.16 . . .  . . .  60.0 
Stilbene (liquid) . . . . . . 15.7 . . .  75.7 
Dibenzoylethylene 24.88 51.42 . . .  . . .  76.3 
Dibenzoylethane 24 79 52.81" . . .  . . .  77.6 
" This value includes 0.15 E. U. for the entropy of the hump a t  272°K. 

This value includes the entropy increase for both crystalline forms as well as the 
entropy effect (7.11 E. U.) for the transition between them. 

" This value includes 0.28 E. U. for the entropy of a hump a t  187°K. 

We now possess entropy values for a number of unsaturated compounds 
and are in a position to compare these with the entropies of the correspond- 
ing saturated substances. We have made such a comparison in Table V. 

In eight cases out of the nine cited the entropy of the unsaturated com- 
pound is appreciably less than that of the corresponding saturated one. 

9 Kelley, Parks and Huffrnan, J. Phys.  Chem., 33,1802 (1929). 
This approximate calculation of the entropy of fusion was made by the equation 

AS298 = (aH fusion)/T~ - AC, In (T~/298), where A H  and TM are, respectively, 
the molal heat of fusion and the melting point. In this case AC,, the difference between 
the molal heat capacity of the liquid and crystals, was assumed to be approximately 9 
cal. For AH, we have used 7200 cal. per mole ("International Critical Tables," Vol. 
V, p. 134). 
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TABLE V 
A COMPARISON OF THE ENTROPIES OF SOME SATURATED AND UNSATURATED ORGANIC 

COMPOUNDS 
Entropy of the Entropy of the Entropy decrease 

saturated compound unsaturated compound with unsaturation, E. U. 

Succinic acid 42.0 Fumaric acid 39.7 2.3 
Succinic acid 42.0 Maleic acid 38.1 3 .9  
Dibenzoylethane 77.6 Dibenzoylethylene 76.3 1 .3  
2-Methylbutane 60.8 Trimethylethylene 59.5 1 .3  
2,2,4-Trimethylpentane 75.2 Di-isobutylene 71.4 3 . 8  
Dibenzyl 64.6 Stilbene 60.0 4 .6  
Cyclohexane 49.2 Cyclohexene 51.8 - 2.6 
Cyclohexane 49.2 Benzene 41.9 2 . 4  X 3 
Methylcyclohexane 59.3 Toluene 52.4 2 . 3  X 3 

I n  these eight comparisons the differences, while by no means constant, 
average 2.7 E. U. per double bond, or mole of hydrogen withdrawn. In  the 
cyclohexane-cyclohexene comparison, however, the entropy of the latter is 
actually greater by 2.6 E. U. In our opinion this anomaly is to be attributed 
to  an abnormally low entropy value for cyclohexane, which (like benzene) 
possesses great molecular symmetry and is somewhat unique in character. 

In  a preceding paperl1 it was shown that the entropy of a liquid paraffin 
or benzenoid hydrocarbon could be calculated quite accurately by the 
empirical equation, 3 2 9 8  = 25.0 + 7.7n - 4.5r + 19.5p. Here n and p 
represent, respectively, the number of aliphatic carbon atoms and phenyl 
groups in the molecule, and r ordinarily refers to the number of methyl 
branches attached on the main aliphatic chain. In order to apply the 
equation to olefin hydrocarbons we might now add the term - 2.7e, where e 
represents the number of ethylenic double bonds within the acyclic portion 
of the compound. The equation for liquid olefins then becomes, S298 = 

25.0 + 7.7n - 4.5r - 2.7e + 19.5p. Using it, we calculate the following 
entropies: trimethylethylene, 56.3 E. U.; di-isobutylene, 70.4 E. U.; 
and stilbene, 76.7 E. U. These values differ from the experimental results 
of Table IV by -3.2, -1.0 and +1.0 E. U., respectively. Thus the above 
formula, though not precise, may be useful in roughly estimating the 
entropies of olefin hydrocarbons. 

The Free Energies of the Compounds 
We have also calculated the free energies of these eleven compounds by 

means of the third law of thermodynamics and the fundamental thermo- 
dynamic equation, A F  = A H  - TAS. 

The essential data are given in Table VI. For obtaining the A H  of 
formation for succinic acid we have used the heat of combustion reported by 
Verkade, Hartman and Coops,12 and for dibenzoylethylene and dibenzoyl- 

l1 Huffman, Parks and Daniels, THIS JOUWAL, 52, 1553 (1930). 
l2 Verkade, Hartman and Coops, Rec. trav. chim., 47,608 (1928). 
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ethane we have employed some unpublished values, recently obtained in 
our Laboratory by Mr. T. R. Lumb. In the cases of the remaining eight 

TABLE VZ 
THERMAL DATA AT 298.1 OK. 

The 15* cal. is used throughout and all weights have been reduced to a vacuum basis 
Heat of combustion AHlos AS2m 
at  constant presqure Cal. 

AFL 
Substance E U. Cal. 

Fumaric acid (S) 319.900 - 193,800 -122.7 - 157,200 
Maleic acid (S) 326.000 - 187,700 - 124.3 - 160,600 
Succinic acid (S) 356,900 -225,100 - 150.0 - 180,400 
Trimethylethylene 795,700 - 17,300 - 95.0 + 11.000 
n-Pentane 833,100 - 48,300 -122.1 - 11,900 
Cyclohexene 891,700 - 15,600 -104.0 + 15,400 
Methylcydohexane 1,091,400 - 46,800 -157.0 0 , m  
Di-isobutylene 1,252.000 - 48,800 -175.8 + 3,600 
Stilbene (S) - 1,764,600 + 34,800 -135.8 + 75,300 
Dibenzoylethylene (S) 1,885,300 - 33,000 - 171.1 + 18,000 
Dibenzoylethane (S) 1,920,700 - 65,900 - 199.4 - 6,500 

compounds we have taken the heats of combustion as given in the "Inter- 
national Critical Tables."13 For our present purpose we have converted 
all these combustion data to 298.1°K. The G I 2 9 8  values were then calcu- 
lated by use of 68,330 and 94,270 ~ a l . ~  for the heats of combustion of hydro- 
gen and graphitic carbon, respectively. Column 4 contains the entropy of 
formation of each compound, which is simply the difference between its S298 

and the corresponding values for the entropies of the elements contained 
therein. For this purpose the respective entropies of carbon and hydrogen 
were taken as 1.3 and 14.8 E. U.4 per gram atom. 

The molal free energies appear in the last column of the table. For 
comparative purposes the accuracy of these values is largely limited by the 
accuracy of the combustion data employed. In the cases of di-isobutylene 
and stilbene the present combustion values may be in error by as much as 
five thousand calories; and therefore the free energies are uncertain t o  this 
extent. On the other hand, in the cases of the three dibasic acids the com- 
bustion results are accurate to about three hundred calories. For the 
remaining compounds the values are probably reliable t o  one or two 
thousand calories. 

The results for maleic and fumaric acids provide quantitative thermo- 
dynamic evidence on the interesting problem of geometrical isomerism. 
I t  is well known that the cis form, nialeic acid, tends to change over into the 
trans isomer. fumaric acid, and the present data show that for the trans- 
formation AF298 = -6600 cal. Hence, the reaction should go virtually to  
completion. Furthermore, such a marked difference in the values for two 
geometrical isomers serves to emphasize the specific influence of structure in 
determining the free energies of unsaturated compounds. 

la "International Critical Tables," Vol. V, p. 163. 
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To develop further this last thesis, we have calculated from the data of 
this and the immediately preceding papers the free energy changes ac- 
companying a number of reactions in which a saturated compound loses 
hydrogen and yields an olefinic or benzenoid compound. The results 
appear in Table VII. For completeness we have also included a value for 
the conversion of ethane into ethylene derived by Pease and Durgan.14 . 
It is evident that AF298 for the process of forming an olefin varies greatly, 
and no generalization concerning this quantity can be made with any 
certainty. However, the respective values for the production of ethylene, 
trimethylethylene and di-isobutylene indicate that A F  for the dehydroge- 
nation process probably decreases rapidly as we proceed up the series of 
olefin hydrocarbons. 

In the two parallel cases involving the production of benzene and toluene 
from cyclohexane and rnethylcyclohexane, respectively, it is noteworthy 
that the A F  values are practically identical, i. e., about 24,000 cal. for the 
loss of three moles of hydrogen. Here the average AFzss per mole of hy- 
drogen withdrawn (8000 cal.) is considerably less than in the case of any 
olefin compound except di-isobutylene. 

TABLE VII 
FREE ENERGY CHANGES ACCOMPANYING SOME DEHYDROGENATION REACTIONS 

Saturated compound Unsaturated compound AF&, cal. 

Succinic acid = HZ + Maleic acid +29,800 
Succinic acid = Hz + Fumaric acid 23,200 
Dibenzoylethane = Hz + Dibenzoylethylene 24,500 
Ethane = Hz f Ethylene 22,600 
2-Methylbutane = Hz + Trimethylethylene 17,600 
2,2,4-Trimethylpentane = He f Di-isobutylene 9,200 
Dibenzyl = HZ + Stilbene 15,200 
Cyclohexane = HZ + Cyclohexene 11,700 
Cyclohexane = 3H2 + Benzene 8,000 X 3 
Methylcyclohexane = 3Hz + Toluene 8,000 X 3 

Before concluding, the authors wish to thank the Research Laboratory of 
the Standard Oil Development Company and Professor James B. Conant 
of Harvard University for the valuable compounds which made this re- 
search possible. 

Summary 
1. The specific heats of twelve organic compounds, including seven 

hydrocarbons, have been measured over a wide range of temperatures. 
The heats of fusion of five of the hydrocarbons and the heat of transition of 
cyclohexene have also been determined. 

2.  The entropies of eleven of the compounds have been calculated from 
these heat capacity data. In general the entropy of an unsaturated sub- 

Pease and Durgan, THIS JOURNAL, 50,2715 (1928). 
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stance was found to be slightly less than that of the corresponding saturated 
compound. 

3. The corresponding free energies have also been calculated. The 
free energy change in dehydrogenation reactions was found to vary greatly, 
and it is apparent that the effect of unsaturation in determining the free 
energy value of an organic compound is very specific. 

STANFORD UNIVERSITY, CALIFORNIA 

THE ALCOHOLYSIS OF CERTAIN 1,3-DIKETONES AND 
BETA-KETONIC ESTERS 

This investigation was undertaken originally for the purpose of studying 
the influence of structure on the extent of formation and cleavage of carbon 
to carbon linkages in organic compounds. The ideal condition for a study 
of this nature would be a perfectly reversible reaction in which the con- 
centration of various sets of reactants at  the equilibrium point could be 
measured accurately. The quantitative work which has been done 
previously in connection with this problem has been concerned chiefly with 
the extent of dissociation of hexa-substituted ethanes. The interpretation 
of the experimental data in terms of the relation of structure to  the strength 
of the carbon to carbon linkage between the substituted methyl groups is 
complicated by the fact that the dissociated radical is apparently in 
equilibrium with compounds having a quinoid structure. I n  addition to 
the rather large volume of literature upon the hexa-substituted ethanes 
there has been, also, a paper by Miss Edith Usherwood1 upon the position 
of the equilibrium point in the aldolization of isobutyric aldehyde. 

The Claisen or acetoacetic ester condensation since the publication of 
Dieckmann's work2 has been considered to be a reversible reaction, and i t  
seemed upon preliminary consideration to be better suited than any other 
reaction for an investigation of the relationship of the structure of a com- 
pound to the strength of carbon to carbon linkages. In general terms the 
Claisen synthesis may be considered to involve the elimination of a mole- 
cule of alcohol through the reaction of the alkoxy group of an ester with a 
hydrogen on a carbon atom alpha to a carbonyl or other activating group 
in the presence of such reagents as sodium, sodium ethoxide or sodamide. 
The type reaction may be represented as 

1 Usherwood, J.  Chem. Soc., 123, 1917 (1923). 
2 Dieckmann, Ber.. 33, 2670 (1900). 
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0 0 0 0 
I1 I1 II II 

R'COR + R"CH2CRR ' = R'CCHCR"' + ROH 
I 

R 

It is obvious that this simple formulation is very far from giving an ade- 
quate picture of this reaction. Sodium ethoxide for example forms addi- 
tion compounds with the ester and the ketones. The ketones also com- 
pete through their en01 forms for the metal of the alkoxide. However, 
these complications do not make i t  impossible profitably to utilize this 
action for the study of the relation of structure to  the extent of the cleavage 
'of the carbon linkage, although they may make very difficult an interpre- 
tation of the results. An attempt was therefore made to determine the 
concentration a t  equilibrium of the reactants in the synthesis and alco- 
holysis of acetoacetic ester. 

Higley3 found that he could obtain acetoacetic ester in a 36% yield 
(based on the sodium ethoxide) through the reaction of 0.4 mole of ethyl 
acetate and 0.14 mole of sodium ethoxide. He believed that this repre- 
sented the concentration of acetoacetic ester a t  equilibrium. McElvain4 

showed that a 68% yield of the keto ester (based on the sodium ethoxide) 
could be obtained if the alcohol formed in the condensation were distilled 
out of the reaction mixture before the ester was isolated. He used 6 moles 
of ethyl acetate and 0.5 mole of sodium ethoxide. The reaction mixture 
was not homogeneous after the removal of the alcohol, so that both of these 
factors tended to drive the condensation toward completion. McElvain's 
results have been duplicated and the extent of condensation of ethyl acetate 
in a homogeneous reaction mixture determined both by synthesis and alco- 
holysis to  be from 44 to 50% in so far as this may be judged through the 
isolation of acetoacetic ester. This last statement is based upon the results 
of the following experiments in which the homogeneity of the reaction 
mixture was maintained through the use of a large excess of ethyl acetate. 

1. One-half mole of sodium ethoxide and 6 moles of ethyl acetate were refluxed 
for periods of from ten to ninety-six hours. The reaction mixture was then acidified 
with 35 ml. of acetic acid in 70 ml. of water and the aqueous layer extracted twice with 
50-ml. quantities of ether after the removal of the layer of acetoacetic ester. The frac- 
tionation of the products gave from 32 to 33 g. of ester boiling a t  84-87' (25 rnm.). This 
represents a yield of 50 to 51%. 

2. One-half mole each of acetoacetic ester, of sodium ethoxide and of ethanol 
were refluxed for twenty-four hours in six moles of ethyl acetate. The reaction mixture 
was worked up as described above and from 29 to 30 g. of acetoacetic ester obtained. 

3. One-half mole of sodium ethoxide and six moles of ethyl acetate were allowed 
to react and the alcohol and excess simple ester distilled off as described by McElvain. 
One mole of ethanol and six moles of ethyl acetate were then added to the solid reaction 
products and the whole refluxed for twenty-four or forty-eight hours. Upon working up 

Higley, Am. Chem. J., 37, 299 (1907). 
McElvain, THIS JOURNAL, 51, 3124 (1929). 
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the reaction mixture 28.5 to 29 g. of acetoacetic ester was obtained. This is to  be coa- 
trasted with the yields of from 43 to 44 g. of keto ester obtained if it were isolated before 
the addition of the ethanol and ethyl acetate or before the second refluxing of the 
mixture but after the addition of ethanol and ethyl acetate. The last experiment was 
performed in order to make sure that the higher yields obtained where the alcohol was 
distilled off were not due at least in part to the greater ease of isolation of the ester. 

The eondensation of esters other than ethyl acetate with the formation of 
beta ketonic esters does not lend itself to a study of the relationship of 
structure to extent of reaction. It is possible to vary one group a t  a time 
only through the condensation of dissimilar molecules of ester and this 
makes possible the formation of two or three different beta ketonic esters in 
the reaction mixture, thus greatly increasing the difficulties of analysis. 
In the case of the 1,3-diketones a simple synthesis and alcoholysis is possible 
only when the ester concerned is incapable of condensation with itself, and 
the monoketone is of such a structure that i t  can condense with the ester to  
form only a single compound. The structures of dibenzoylmethane and its 
derivatives are such that only simple alcoholysis and synthesis are possible 
and so these diketones were selected as the basis of study. Broderick in 
19275 showed that the percentage of diketone present in the reaction mix- 
tures was the same irrespective of whether he started with dibenzoylmethane 
and alcohol or ethyl benzoate and acetophenone. However, this did not rep- 
resent a true equilibrium point because of the separation of the solid salt of 
the diketone. An extensive search has been carried on since that  time in 
order to discover an inert solvent in which homogeneity could be maintained 
during the synthesis or alcoholysis of a diketone. There has been found no 

- inert solvent in which the sodium, potassium or lithium salt of a diketone 
was sufficiently soluble to permit determinations of the extent of alco- 
holysis or synthesis in the presence of a catalyst for the latter reaction. 
Attention was therefore directed toward the study of the relationship of 
structure to the rate of alcoholysis in the presence of hydrogen ~h lor ide ,~  
and of sodium ethoxide. 

There are several reasons why the relative rates of alcoholysis of 1,3- 
diketones cannot be determined and compared as accurately in the presence 
of sodium ethoxide as when hydrogen chloride is the catalyst. For ex- 
ample, the former reagent catalyzes "side reactions" such as the aceto- 
acetic ester condensation. This may be minimized and i t  is believed prac- 
tically eliminated through the use of a large molecular excess of alcohol. 
However, as may be seen from an inspection of the data shown in the fig- 
ures, the ultimate percentage of alcoholysis, calculated on the amount of 
diketone used, is in many cases considerably less than loo%, this despite 
the fact that with the ratio of one mole of sodium ethoxide t o  two moles of 
acetylbenzoylmethane all of the diketone had disappeared after one hun- 

Ph.D. Dissertation, University of Wisconsin, 1928. 
Adkiis, Kutz and Coffman, THIS JOURNAL, 52,3212 (1930). 
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dred hours. This failure to obtain a 100% recovery of ester is no doubt 
connected with the fact that it is impractical to  determine how much ester 
is lost during the analysis, due to saponification or other reactions, as was 
done in the study of alcoholysis involving the use of hydrogen chloride. 
Perhaps the most serious obstacle to a precise comparison of the rates of 
alcoholysis of various diketones is the fact that they differ so greatly with 
respect to  their sensitivity toward the catalyst. This makes i t  impossible 
t o  compare any considerable group of diketones or keto esters under 
identical experimental conditions. 

The rates of alcoholysis a t  60' of diacetylmethane, acetylbenzoyl- 
methane, benzyldiacetylmethane, dibenzyldiacetylmethane, ethyldiacetyl- 
methane, benzylacetylbenzoylmethane, ethyl acetoacetate, ethyl ethyl- 
acetoacetate, ethyl benzylacetoacetate, ethyl diethylacetoacetate and 
ethyl dibenzylacetoacetate were measured in ethanol in the presence of 
various amounts of sodium ethoxide. Approximately 0.01 mole of the 
diketone or keto ester with the desired amount of sodium ethoxide was 
dissolved in enough ethanol to make the volume of the reaction mixture 
40 ml. The reaction was stopped after the alcoholysis had proceeded for 
the desired length of time by adding an excess of a normal solution of 
hydrogen chloride in ethanol. After shaking the mixture, 2 ml. of phenyl- 
hydrazine was added to combine with the excess hydrogen chloride and 
ketones. After standing for two or three hours the ester was distilled out 
and determined as described in our previous paper. In  only one case was 
any modification of this procedure necessary. Ethyl ethylacetoacetate 
gave ethyl butyrate as well as ethyl acetate upon alcoholysis so that two 
20-ml. portions of propanol were added and distilled out after the normal 
distillation procedure had been followed. 

Diacetylmethane, acetylbenzoylmethane, ethyldiacetylmethane, benzyl- 
diacetylmethane, dibenzyldiacetylmethane and benzylacetylbenzoyl- 
methane were prepared and had the physical constants described in a 
previous paper. Acetoacetic ester was dried over calcium chloride and 
fractionated from the commercial products, b. p. 85-87' (25 mm.), di: 
1.012. Ethyl ethylacetoacetate was prepared from acetoacetic ester, 
using toluene as a medium; the yield was 60% of product boiling a t  100- 
102' (25 mm.), di; 0.9690. Ethyl diethylacetoacetate was prepared from 
the monoethyl compound, the yield being 40 to 50%; b. p. 115-117° 
(25 mm.), diz 0.9435.' Ethyl benzylacetoacetate was obtained in a 58% 
yield, b. p. 165-170' (25 mm.), d;: 1.050.8 The ethyl dibenzylacetoacetate 
after crystallization from ethanol had a melting point of 56-57°.9 Di- 
ethyldibenzoylmethane was prepared in a yield of 35% through the re- 

' Wislicenus, Ber., ?, 683 (1874). 
Ehrlich, Ann., 187, 12 (1877). 
Fittig and Christ, ibid., 268, 123 (1891). 
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action of diethyl malonyl dichloride with benzene in the presence of 
aluminum chloride. The diketone melted at  102-103°.10 

The rate of alcoholysis of five beta ketonic esters and six l,&diketones 
for various concentrations of sodium ethoxide is shown in Figs. 1, 2 and 3. 
The molar ratio of sodium ethoxide to diketone or keto ester is shown in 
parentheses for each curve. The rate of alcoholysis of diacetylmethane and 
acetylbenzoylmethane was increased by almost 100% when the ratio of 
sodium ethoxide to diketone was increased from 1:5 to 1:2. A further 

Time in hours. 
Fig. 1.-Rates of alcoholysis of various l,3-diketones and B-keto esters. The 

molecular ratio of sodium ethoxide to dicarbonyl compound is shown in paren- 
theses for each curve. 

increase to a ratio of 1:l brought about what was apparently a small 
decrease in the rate of alcoholysis but it is believed that this was due to  
the greater loss in ethyl acetate prior to analysis rather than to a real 
decrease in the rate of alcoholysis. 

There was very little difference between the rates of alcoholysis of di- 
acetylmethane and acetylbenzoylmethane irrespective of whether the 
comparison was made at  a ratio of sodium ethoxide to diketone of 1 :5 or 1 : 2. 

The keto esters undergo alcoholysis more slowly, for a given ratio of keto 
compound to sodium ethoxide, than do the l,&diketones. This is true 
irrespective of whether the comparison is made between the unsubstituted 
compounds or between those in which one or more substitutions have been 
made on the carbon atom between the carbonyl groups. 

lo Freund and Fleischer, Ann., 373,296 (1910). 
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Substitution of ethyl or benzyl groups on the carbon atom between the 
carbonyl groups greatly increases the rate of alcoholysis of both keto esters 
and diketones for a given ratio of keto compound to sodium ethoxide. 
This may be expressed in another way by saying that it is feasible to cleave 
a monosubstituted compound, within a given period, with a very much 
lower ratio of sodium ethoxide to keto compound than is possible in the 
case of the parent substance. In the case of the disubstituted compounds 
the rate of alcoholysis is relatively very rapid even where there is only one 

10 20 30 40 50 60 70 80 90 100 
Time in hours. 

Fig. 2.-Rates of alcoholysis of various 1.3-diketones and 0-keto esters. The 
molecular ratio of sodium ethoxide to dicarbonyl compound is shown in paren- 
theses for each curve. 

mole of sodium ethoxide for twenty moles of dicarbonyl compound. How- 
ever, even a qualitative comparison is perhaps not justifiable, for in the 
case of the unsubstituted and of the monosubstituted compounds there is 
the probability that a very considerable portion of the sodium ethoxide 
reacts with the en01 and is thus eliminated as a catalyst. There is no 
possibility of this in the case of the disubstituted dicarbonyl compounds 
unless enolization occurs by the migration of a hydrogen from the methyl 
group a t  the end of the molecule. Even this is not possible for diethyl- 
dibenzoylmethane, which readily undergoes alkaline alcoholysis and 
hydrolysis. 

Two grams of this diketone dissolved in 50 ml. of ethanol was allowed to 
undergo alcoholysis at  60' for twelve hours in the presence of an equi- 
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molecular amount of sodium ethoxide. Acidification with 50 ml. of dilute 
aqueous hydrochloric acid did not give a crystalline precipitate and it was 
considered that the diketone had been completely split into ethyl benzoate 
and the corresponding monoketone. The reaction mixture was then made 
alkaline with solid sodium hydroxide and the ester saponified. After 
evaporation to dryness, the residue was dissolved in 200 ml. of water and 

washed with ether. Evaporation of the water solution to a small volume, 
acidification with hydrochloric acid and cooling precipitated out 0.819 or 
94% of the theoretical amount of benzoic acid. One and four-tenths grams 
of diethyldibenzoylmethane was hydrolyzed a t  60' for ten hours in 75 ml. 
of a 1% solution of sodium hydroxide in 80% ethanol. After evaporation 
to dryness, the residue was dissolved in 200 ml. of water, washed with 
ether and 0.5960 g. of benzoic acid precipitated with sulfuric acid. The 
yield was thus 98% of the theoretical. 
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The high reactivity of the substituted keto esters in alkaline alcoholysis 
as compared with the unsubstituted esters is in accord with the qualitative 
experiments of Dieckmannll on the cleavage of substituted acetoacetic 
esters. However, his inference from these experiments with regard to the 
concentration a t  equilibrium of acetoacetic ester and its derivatives is 
unjustified by any experimental work, and in so far as it applies to the non- 
condensation of isobutyric ester has been shown by McElvain to be in- 
correct. 

The rate of alcoholysis of six of the diketones has been determined in the 
presence of both hydrogen chloride and sodium ethoxide. As previously 
reported, these compounds in the order of decreasing reactivity are as 
follows: diacetylmethane, ethyldiacetylrnethane, acetylbenzoylmethane, 
benzoyldiacetylmethane, benzylacetylbenzoylmethane and dibenzyldi- 
acetylmethane. This is also the order of reactivity (with one exception) 
of the diketones with respect to sodium ethoxide except that it is one of 
increasing reactivity. The exception to this statement is acetylbenzoyl- 
methane, which is slightly less reactive in the presence of sodium ethoxide 
than would be expected on the basis of its reactivity in the presence of 
hydrogen chloride. There can be no doubt that in general this reversal of 
reactivity with respect to the two conditions of alcoholysis holds true and 
that  the differences in reactivity are quite large. For example, taking the 
end members of the series referred to above, it was found that in the pres- 
ence of hydrogen chloride, diacetylmethane was in the vicinity of ten 
times as reactive as its dibenzyl derivative, while in the presence of sodium 
ethoxide the dibenzyl derivative was one or two hundred times as reactive 
as the parent substance. A similar comparison cannot be made for the 
keto esters because experimental conditions have not as yet been found 
in which these compounds undergo alcoholysis in the presence of hydrogen 
chloride. 

It was previously pointed out that there seemed to be a parallelism be- 
tween the extent of enolization of a 1,3-diketone and its reactivity toward 
alcoholysis in the presence of hydrogen chloride. Since the order of 
reactivity of the 1,3-diketones is the opposite in alkaline alcoholysis to 
that  in acid alcoholysis, it seems reasonable to consider this as evidence 
in support of the hypothesis of Bradley and Robinson that the cleavage of 
diketones in alkaline medium takes place through the keto rather than the 
en01 compound. This view is also in accord with the very high reactivity 
in alkaline alcoholysis of the disubstituted 1,3-diketones and keto esters 
which are incapable of enolization. It is quite possible that cleavage also 
occurs through the en01 compound since Fieser12 has shown that a fixed 
en01 of a 1,3-diketone readily undergoes cleavage. 

" Dieckmann, Ber., 33, 2678 (1900). 
l2 Fieser, THIS JOURNAL, 51, 940 (1929). 
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Summary 
It has been shorn that the amount of acetoacetic ester to be obtained 

from the reaction mixture is the same irrespective of whether i t  is synthe- 
sized from ethyl acetate and sodium ethoxide or remains from the alco- 
holysis of an amount of acetoacetic ester molecularly equivalent to the 
amount of sodium ethoxide used in the synthetic reaction. All attempts to  
make similar determinations on the synthesis and alcoholysis of 1,3-dike- 
tones have failed because no conditions have been found under which 
homogeneity would be maintained during the synthesis and alcoholysis. 

The rates of alcoholysis of six 1,3-diketones and five beta keto esters have 
been determined a t  60' in the presence of various ratios of sodium ethoxide. 
The keto esters were found to be more stable than the diketones toward 
alcoholysis for a given ratio of sodium ethoxide. Substitution on the 
carbon atom between the two carbonyl groups very considerably increased 
the rate of alcoholysis in the presence of sodium ethoxide. This effect 
reached its maximum in the case of the diacyl dialkyl methanes, which 
underwent alcoholysis hundreds of times as rapidly as the diacyl methanes. 

When the six diketones whose reactivity was measured in the presence of 
both hydrogen chloride and sodium ethoxide were arranged in the order of 
decreasing reactivity with respect to alcoholysis in the presence of hydrogen 
chloride, they were found to be arranged (with one exception) in the order of 
increasing reactivity toward alcoholysis in the presence of sodium ethoxide. 
Diethyldibenzoylmethane, which is incapable of enolization, readily under- 
went alkaline alcoholysis and hydrolysis. These facts taken in conjunc- 
tion with the parallelism between extent of enolization and rate of acid 
alcoholysis offer support to the hypothesis of Bradley and Robinson that 
alkaline cleavage of 1,3-diketones takes place through the reaction of the 
carbonyl rather than of the en01 form of the diketone. 

MADISON, WISCONSIN 
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THE MOLECULAR WEIGHT OF COCOSIN 

The oil-seed globulins, edestin,l amandin2 and ,e~celsin,~ as well as the 
other vegetable proteins, l e g ~ m i n , ~  r-phyco~yan,~.~ r-phycoerythrin4r5 and 
G-phy~ocyan,~ so far studied in this Laboratory by means of ultracentrifugal 
analysis, have all proved to be monodisperse and to belong to the fourth 
group of proteins, having a molecular weight of about 208,000, that is, 
approximately six times the weight of ovalbumin.6 They were found to be 
very stable, but with a tendency to  dissociate into lower multiples of 34,500 
a t  higher PH v a l u e ~ . ~  

In  order to get more information concerning this large class of proteins, 
we took up the coconut globulin, in the following called co~osin ,~ for an 
ultracentrifugal examination. In chemical composition cocosin resembles 
excelsin very much, both having a high sulfur content, slightly exceeding 
1%. With respect to solubility cocosin and edestin are almost identical, 
in so far as high salt concentrations are necessary to hold them in solution. 
Cocosin is obtained in a definite crystalline state, which may be taken as an 
indication of its homogeneity. Therefore the result arrived a t  was quite 
surprising: the protein was easily decomposed during the preparation and 
gave an unstable and polydisperse product. 

Preparation of Material.-The nuts were freed from shells and skins, then ground 
in a mill to  a fine paste (340 g.) and suspended in 10% sodium chloride solution (3000 
cc.). Enough toluene was added to serve both as a preservative and as a solvent for 
t h e  fat. The mixture was digested with stirring a t  room temperature for twenty-four 
hours. A test showed that no more protein could be extracted after this treatment. 
The bulk of the insoluble part was removed by means of a cloth filter. The solution 
was further freed from suspended particles and from oil and fat partly dissolved in the 
toluene by filtering and centrifuging. Saturated ammonium sulfate solution was then 
added t o  60% saturation. After standing for one day a t  5' the precipitate was filtered 
off and washed with half-saturated ammonium sulfate solution. The protein precipi- 
t a te  was dissolved in phosphate buffer of PH 6.7 (0.033 M in KHzPOa and 0.033 M in 
NaZHPOh), containing 7% of sodium chloride. This high PH and salt content was used 
in order t o  increase the solubility. The solution was then dialyzed in the ice box for six 
days against the same buffer; volume of solution, 20 cc.; concentration, 3.05YG (Ma- 

T. Svedberg and A. J. Stamm, THIS JOURNAL, 51,2170 (1929). 
2 T. Svedberg and B. Sjogren, ibid.,  52, 279 (1930). 
T. Svedberg and B. Sjogren, ibid., 52, 3279 (1930). 

* T. Svedberg and N. B. Lewis, ibid., 50, 525 (1928). 
6 T. Svedberg and T. Katsurai, ibid., 51, 3573 (1929). 
6 T. Svedberg, Kollozd-Z., 51, 10 (1930). 

Compare T. B. Osborne, "Vegetable Proteins," Longmans, Green and Co., 
London, 1916, pp. 57, 78. 
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terial I). The substance was comparatively homogeneous, consisting principally of 
one component. 

It may be mentioned that the above method of preparation was used for preparing 
another batch of cocosin, the final product, however, being dissolved in 10% sodium 
chloride solution. This material was very non-homogeneous, breaking up more and more 
with time. The same result was obtained when coconut meal was used instead of the 
fresh nuts. 

Before carrying out these preparations we also made an attempt to get the protein 
in a pure state by dialyzing the solution against water after precipitation with ammo- 
nium sulfate and dissolving in 10% sodium chloride. When working with proteins we 
have often had the opportunity to observe that some of them, and especially the oil- 
seed globulin, are very sensitive to long water dialysis. Hydrolysis and denaturation 
then occur. Cocosin showed this phenomenon in a pronounced way, the crystallized 
cocosin material prepared by dialysis against water proving to be very difficult to  
bring into solution. By centrifugal analysis this material was found to  be quite de- 
composed. 

To avoid these difficulties, especially the using of high salt contents, which com- 
plicates the centrifugal analysis, we modified the method in the following way. After 
precipitation with crystallized ammonium sulfate to 60% saturation, the globulin was 
dissolved in 5Yo sodium chloride solution. Hereafter, in order to increase the soh-  
bjlity, Na2HPO4 was added to a concentration of 0.017 M. Then, before a second pre- 
cipitation, the PH of the solution was decreased to 5.5 by means of KH2PO4. This 
brought about no change in the precipitation limits. After treatment as before, cocosin 
was completely dissolved in Na2HP04 (0.2 M) and dialyzed against the same solvent for 
six days. From 700 g. of coconut paste we derived 30 cc. of solution containing 0.99% 
cocosin (Material 11). The protein was found to be a mixture of two components. 

In our last attempt to prepare cocosin we worked as quickly as possible, also using 
the simplest method of purification. After digesting the paste (340 g.) and precipi- 
tating once as in the case of Material I,  the product was dissolved in phosphate buffer 
of PH 6.7 (0.033 M in KH2P04 and 0.033 M in NQHPO~), containing also 470 of sodium 
chloride, and dialyzed against the same buffer in the ice box for five days; volume of 
solution, 50 cc.; concentration, 0.74% (Material 111). This substance was also a mix- 
ture of two molecular species. 

Specific Volume and Light Absorption.-For both these measurements 
Material I11 was used a t  a PH of 6.7 with solvent as above. 

The partial specific volume was determined pycnometrically a t  20.2'. 
Two determinations a t  different concentrations gave the mean value 0.746 
in agreement with the values obtained for the other proteins which follow 
the law of simple multiples. 

The light absorption was studied by means of the Judd-Lewis spectro- 
photometer as described in earlier communications. The protein con- 
centrations were 0.15 and 0.074% with a thickness of layer 2.0 cm. The 
absorption maximum e/c = 7.0 was situated a t  280 mp, and the minimum 
E / C  =-2.7 a t  255 mp. The absorption curve is given in Fig. I. 

Determination of Sedimentation Constant and Different Molecular 
Components.-The runs were carried out with the high-speed oil-turbine 
ultracentrifuge. In  the case of Material I the speed was 23,000, in the other 
runs about 43,000, r. p. m. The time varied from two to  three and one-half 



4402 BERTIL SJOGREN AND ROMUALD SPYCHALSKI Vol. 52 

absorption between the normal and the decomposed product, the calcula- 
tions of the relative amounts of the components should only be regarded as 
an approximation. 

In  Table I the determinations with the Materials I, I1 and I11 are 
summarized. The other preparations gave such unstable products that 
we refrain from mentioning the values obtained. 

hours, the temperature during each run from 20 to 2 3 O ,  other experimental 
conditions being as usual. 

The sedimentation constant is given by s = (dxldt) X l/(02x), where x 
is the distance from axis of rotation, w the angular velocity and t the time. 
I n  cases of non-homogeneous material the amounts of the different molec- 
ular species may be calculated from their sedimentation and diffusion 
constants, reducing the galvanometer deflections of the microphotometer 
curves to represent relative con~entrations.l*~~* The centrifugal force 

must be large enough to give a 

TABLE I 
Cocosr~, SUMMARY OP SEDIMENTATION VELOCITY MEASUREMENTS 

Solvent PH of Concn. State of 
Subs. KHtPO4, M NazHP04, M NaCl, O/o soln. of protein smo X 10" soln. 

Material1 0.033 0.033 4.7 6.7 0.30 10.47 
corr. value 12.4 

Material I .013 .053 2.4 7.4 1.30 11.37 
Material I1 C . . .200 . . . 7.9 0.20 ... 
Material I11 .033 .033 4.0 6.7 .37 . . . d 

Material I11 ,030 .030 3.6" 9.7 .13 . . . 
Material I11 .015 .035 . . . 11.8 .37 9.71 r 

" 0.033 M in NaOH. 0.067 M in NaOH. Mixture of approximately 65% 
molecules of weight 208,000 and 35% of weight 104,000. Mixture of approx. 75% 
208,000, 25% 104,000. Mixture of approximately 50y0 208,000, 50% 104,000. 
* Decomposed; 15% non-centrifugible products. 

10 marked separation of the compo- 
nents. Thus, a t  the highest possi- 
ble speed, viz., 45,000 r. p. m., giv- 
ing a centrifugal force of about 
120,000 times that of gravity, i t  

-$ 5. w 0 -- 

is easy to observe a component of 
weight 6 X 34,500 in mixture with 
a substance of molecular weight 
3, 2 or 1 X 34,500. It is also possi- 
ble to  distinguish a component of 
104,000 from one of 34,500 but not 

400 300 
from one of 68,000, without using 

Wave length, mr. *Oo a very long time of centrifuging. 

Fig. 1.-Light absorption of cocosin. Owing to  the difficulties of taking 
into account the difference in light 
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As may be seen from the table, Material I was almost homogeneous, 
giving a value of s quite in agreement with the values obtained for the other 
proteins possessing a molecular weight of 208,000. A small amount of a 
lighter component was present. 

There were a t  least two molecular species present in Material 11. The 
stock solution was a mixture of about 65% molecules of weight 208,000 and 
35% of weight 104,000. Assuming the cocosin molecule to be of weight 
208,000, then the presence of the smaller component can be considered as 
the first stage of the protein cleavage, caused by the high Pa. This split- 
ting-up of the molecule with increasing PH has in earlier cases, as a rule, 
been found to be reversible. Thus if the PH of the solution is brought back 
to a value lying in the stability region, one would expect a monodisperse 
product. The stock solution of Material I1 was dialyzed against a phos- 
phate buffer of PH 6.0 (0.17 M in KH2P04 and 0.03 M in Na2HP04, con- 
taining 4% of sodium chloride) for five days. By a second analysis we 
found that the amount of the smaller component had decreased. In  order 
to complete the reaction in this direction the dialysis was continued for six 
days more. During this treatment the cocosin was, however, totally 
decomposed which behavior is in line with the former experience on the 
high sensitivity of the oil-seed globulins to prolonged dialysis. 

Material I11 proved to be somewhat more homogeneous in so far as the 
stock solution had approximately a composition of 75% molecules of 
weight 208,000 and 25% of weight 104,000. In more alkaline solutions the 
protein was broken up into units of one-half the normal molecular weight 
and a t  still higher PH values into particles of unequzl size. A run was also 
made a t  a PH of 5.5, using phosphate buffer and 9% sodium chloride, which 
confirmed the result obtained a t  PH 6.7. Because of the very high salt 
content, involving great corrections, the values are not reproduced here. 

Determination of Molecular Weight.-For the sedimentation-equi- 
librium method, the molecular weight is given by the relation 

where 6 and cz are the concentrations at  the distances XI and xz from the 
center of rotation, R the gas constant, T the absolute temperature, V the 
partial specific volume of the solute, p the density of the solvent and w the 
angular velocity. 

Two runs were made with Material 111 at PH 6.7 using the same buffer as 
before and the concentration 0.15y0. In Fig. 2 the values of the molecular 
weight are plotted against the distance from the center of rotation. As 
may be seen from the diagram the material was non-homogeneous with 
regard to molecular weight, giving values from approximately 215,000 
down to 110,000 with the higher values all lying around 208,000. As the 
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time between the two runs was nearly a week, the slight difference observed 
may be interpreted as a further splitting-up of the cocosin. 

The results of our measurements make i t  extremely probable that normal 
native cocosin has a molecular weight of the same magnitude as the other 
oil-seed globulins so far analyzed, viz., six times the weight of ovalbumin 
or 208,000. Their molecules are all spherical with a molecular radius of 
about 3.95 mp. The component with a molecular weight half that of the 
normal present in the cocosin samples studied may be considered as the 
first decomposition product of the protein cleavage. 

5.5 5.6 5.7 5.8 5.9 
x ,  in cm. 

Fig. 2.-Variation of molecular weight with distance from axis 
of rotation: -X-. Run I;  -0- Run 2, one week later. 

The expenses connected with this work have been defrayed by a grant 
from the foundation "Therese och Johan Anderssons Minne." 

Summary 

1. By means of ultracentrifugal methods an attempt was made to 
determine the molecular weight of the coconut globulin, called cocosin. 

2. This protein was found to be rather unstable, being easily decom- 
posed during the process of preparation. 

3. The centrifugal analysis proved cocosin to be a mixture of two main 
components of weight about 208,000 and 104,000 with the larger molecules 
present in much greater amounts than the smaller ones. 

4. It was considered as extremely probable that native cocosin has a 
molecular weight within experimental limits identical with the other oil- 
seed globulins earlier studied, viz., 208,000, and that the small fraction 
present of weight half of this normal molecule represents the first stage of 
the protein cleavage. 

UPSALA, SWEDEN 
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UNSATURATION PHENOMENA OF ACETYLENIC ACIDS AND 
ESTERS. 

111. THE CONSTITUTION OF SOME MERCURY DERIVATIVES 

BY WILLIAM WHALLEY MYDDLETON, ARTHUR W. BARRETT AND JOHN H. SEAGER 

RECEIVED JULY 7,1930 P U E L I S I ~ D  NOVEMBER 5.1930 

Earlier communications published from these Laboratories1 described 
the isolation of mercury derivatives formed by the action of mercuric 
acetate upon various acetylenic acids and esters in acetic acid solution. 
The acetylenic compounds employed were of two types: I ,  C H ~ ( C H ~ ) ~ C =  
C(CH~)~COOR, where R is alkyl or hydrogen and where the values of 
m and n were 

m = 0, n = 7 in 9-10 undecinoic acid 
m = 7, n = 7 in stearolic acid 
rn = 7, n = 11 in behenolic acid 

and 11, HCEC(CN~)~COOR, where n = 8 in 10,ll-undecinoic acid. 
The mode of formation and the composition of the mercury compounds 

as well as the nature of the products derived from them by decomposition 
with hydrochloric acid were in accord with the following interpretation of 
the action of mercuric acetate upon the acetylenic linkage. 

Type I HgOoCCH3 

I 

(a) (b) HgOOCCHs 
Type I1 HgOOCCHs 

I 
H W C -  + 3(CHaCOO)a'Hg + Hz0 -+ CH3COOHgCCO- + 3CH,COON 

I 
HgOOCCHs 

In  Type I1 the acetylenic hydrogen atom is substituted while the usual 
addition takes place a t  the triple bond. 

During decomposition of the mercury compounds with hydrochloric acid, 
each acetoxymercuri group was assumed to be replaced by hydrogen with 
formation of a ketonic compound free from mercury. I n  the case of 9,lO- 
undecinoic acid (Type I)  and its ethyl ester, two isomeric ketonic deriva- 
tives were isolated, thus establishing an alternative reaction in which the 
acetoxymercuri groups were added to the carbon atom (a) and the oxygen 
atom to  (b) in the equation given above. 

The present communication describes further investiglttions upon the 
constitution of the mercury compounds. 

(a) Myddleton and Barrett THIS JOURNAL, 49, 2258 (1927); (b) Myddleton, 
Berchem and Barrett, zbzd.. 49, 2264 (1927) 
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Mercuration of Acetylenic Compounds of Type I 
In the mercury derivatives from esters of Type I there appeared to be a 

difference in reactivity of the two mercury atoms toward caustic alkalies 
and hydrogen sulfide but this could not be established by the isolation of 
pure products from these reactions. An alternative constitution was 
therefore tentatively assigned to the mercury derivatives to account for 
a difference in reactivity of the mercury groups and evidence of this con- 
stitution was sought and discovered in other directions. The alternative 
constitution was derived from the following interpretation of the action of 
mercuric acetate upon the acetylenic bond. 

OHgOOCCHs 

The resulting mercury derivative is unsaturated and the first action of 
hydrochloric acid in causing the replacement of acetoxymercuri groups by 
hydrogen would be to yield an enolic product containing the group 
-C(OH)=CH-. Rapid transformation to the ketonic form might be 
anticipated under the influence of the mineral acid. Indeed no signs of an 
enolic form were discovered during the decomposition of the mercury de- 
rivatives already described. The most favorable conditions for observing 
the intermediate formation of an enolic derivative were sought by choosing 
an acetylenic ester with a shorter carbon chain and with the acetylenic bond 
near to  the ester group. Methyl octine-1-carboxylate CH3(CH2)5C=C- 
COOMe when acted upon with mercuric acetate in the manner previously 
described gave a mercury derivative analyzing in accordance with the 
composition CH3(CH2)6C(OHgOOCCH3)=C(Hg00CCH~)COOMe. 

The decomposition of this compound with concentrated hydrochloric acid 
gave an ester which, as soon as liberated, gave a deep violet coloration with 
ferric chloride in alcoholic solution, indicating the presence of an enolic 
form. Analysis of the ester by the method of Kurt Meyer2 indicated the 
presence of 13.5% of the enolic form. 

The mercury derivative was very slightly soluble in hot alcohol and when 
the cooled solution was mixed with two drops of a neutral aqueous solution 
of ferric chloride it gave in about one minute a faint reddish-violet coloration 
indicating an enolic structure. In this reaction there is a direct replace- 
ment of an acetoxymercuri group by iron to give the colored ferric salt of an 
enolic compound. To facilitate this reaction a mercury derivative more 
soluble in alcohol was sought by introducing a phenyl group into the acety- 
lene. Ethyl phenylpropiolate C~H~CECCOOE~ gave a mercury deriva- 
tive melting with decomposition a t  192' and analyzing in agreement with 
the composition CsH~C(OHgOOCCH~)=C(HgOOCCH3)COOEt. It was 

K. Meyer, Ber., 44, 2718 (1911). 
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readily soluble in hot alcohol and moderately soluble in cold. The cold 
alcoholic solution gave in a few seconds a deep reddish-violet coloration 
with two drops of aqueous ferric chloride. The ester liberated from the 
mercury derivative by the action of hydrochloric acid gave a similar color- 
ation and was shown by Kurt Meyer's method to contain 20% of the 
enolic form an hour after isolation. 

The Action of Halogens on the Mercury Derivatives.-As a means of 
further distinguishing between the two structures -COC(HgOOCCHs)- 
and -C(OHgOOCCHa)=C(HgOOCCH3)- the action of halogens was 
investigated. In the first case chlorine would be expected to produce a 
dichloro ketone by causing the replacement of each acetoxymercuri group 
by a chlorine atom; in the second case a monochloro ketone would result 
through the intermediate formation of -C(OCI)===CCl- which after hy- 
drolysis in the aqueous acid used in the isolation would lead to -C(OH)= 
CCI- and finally the ketonic form -COCHCI-. 

The mercury derivatives prepared from stearolic acid and behenolic acid 
were made to react with chlorine and with bromine in refined petroleum 
ether, in chloroform and in glacial acetic acid. Mono-halogen ketonic 
acids were formed quantitatively. The mercury derivatives from methyl 
octine-1-carboxylate and from ethyl phenylpropiolate gave dibromo 
ketonic esters when decomposed with bromine. As in the last two in- 
stances the mercury derivatives developed a violet coloration in contact 
with alcoholic ferric chloride, it cannot be assumed that the formation of a 
dibromo ketonic ester is evidence that two mercury atoms are attached to 
one carbon atom. To reconcile the two reactions it is necessary to assume 
that during treatment with bromine the following changes take place. 

The dibromo ketonic ester prepared in this way from ethyl phenylpropi- 
olate gives the theoretical yield of benzoic acid after hydrolysis with a semi- 
normal alcoholic solution of potassium hydroxide, thus proving that when 
mercuric acetate acts upon ethyl phenylpropiolate under the stated condi- 
tions the mercury groups enter the side chain exclusively. Phenylpropiolic 
acid is also mercurated exclusively in the side chain and the derivative 
formed yields with bromine benzoyl dibrorno-acetic acid, which is recovered 
as w-dibromo-acetophenone after loss of carbon dioxide. 

Mercuration of Acetylenic Compounds of Type I1 

The following acetylenic compounds containing the group HCEC- 
were converted into mercury derivatives by the action of mercuric acetate 
in acetic acid solution. 
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HCEC(CH,)~COOH 10.1 1-undecinoic acid 
CH~(CH~)~CICH Heptine-1 
CH~(CH~)~CZCH Octine-1 
C!BH~C!=CH Phenylacetylene 

The analysis of the products indicates the presence of three acetoxy- 
mercuri groups, and methyl ketones are formed by decomposition with 
hydrochloric acid. 

The mercury derivative from phenylacetylene cannot be decomposed 
with bromine a t  a temperature sufficiently low to yield a simple product, 
but the other derivatives examined gave tribromo ketones with bromine in 
the form of non-crystallizable oils. Since they give bromoform when they 
are decomposed with caustic alkalies, it is necessary to assume that during 
mercuration the acetylenic hydrogen is replaced by an acetoxymercuri 

group. 
It is possible to formulate the behavior of these mercury derivatives on 

the assumption that they possess a constitution similar to those derived 
from acetylenic compounds of Type I, namely, -C(OHgOOCCHj)=C- 
(HgOOCCHa)2, although no evidence has been obtained of unsaturation or 
of the formation of enolic compounds during decomposition with acids. 
They do not for example develop any coloration with ferric chloride in 
alcohol, but this of course may be due to their insolubility. 

The decompositions of these derivatives with hydrochloric acid and with 
bromine may be accounted for as follows 

HCI 
- C ( O H ~ O O C C H ~ ) = C ( H ~ ~ O C C H ~ ) ~  ---+ -C(OH)=CHz + --COCHa 

Experimental Part 
The Action of Mercuric Acetate on Acetylenic Compounds.-The preparation of 

mercury derivatives of acetylenic compounds by the action of mercuric acetate was 
carried out under the conditions described in a previous ~ommunication.'~ 

When the acetylenic compound contains the group HCsC-, it was found de- 
sirable to moderate the reaction by dissolving the mercuric oxide in hot acetic acid and 
then cooling to crystallize some mercuric acetate before adding the acetylene slowly. 
Under other conditions the heat evolved was sufficient to cause the formation of much 
mercurous acetate and even free mercury by reduction. Further experience in the 
preparation of these mercury derivatives has shown that they sometimes separate as 
viscous oils when the acetic acid solution is diluted with water. Such oily products 
may be converted into a microcrystalline powder by triturating with alcohol and then 
with ether. 

Analysis of the Mercury Derivatives.-Mercury was determined by the destructive 
hydrogenation method of H. ter M e ~ l e n . ~  Other analyses were carried out as described 
in the earlier communication.la The following results were obtained. 

H. ter Meulen, Rec. trav. chim., 45, 368 (1926). 
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Analysis of H g  derivative - - - 
Yield of 

ketonic compd. 
-c*-.. 3 romp, 

Cf. % 
d L L r 1  UI 

Acetylenic compd. Hg, % CHaCOO, % with R 

Methyloctine carboxylate 
Calcd. for C~dHzeO~Hge 

Ethyl phenylpropiolate 
Calcd. for C16H16O7Hg8 

Heptine-1 
Calcd. for ClaHnoH7IIga 

Octine-1 
Calcd. for C14Hz207Hg3 

Phenylacetylene 
Calcd. for C14HldO7Hg~ 

Phenylpropiolic acid 
Calcd. for C13H1107Hg2.6 

Decomposition of the Mercury Derivatives with Hydrochloric Acid.-The mercury 
derivative of methyl octine carboxylate was suspended in water and decomposed by 
adding concd. hydrochloric acid. The oily ester liberated was extracted with light 
petroleum, the extract washed, dried and evaporated. From 50 g. of material was ob- 
tained 12 g. of methyl 8-keto-nonoate, b. p. 137.5' (28 mm.). By dissolving in alcohol 
and adding cupric acetate, the green copper salt was obtained, melting after recrystal- 
lization from benzene a t  99 O. The ester gave a deep violet coloration with ferric chloride 
in alcohol and a determination by the method of Kurt Meyer2 showed the presence of 
13.5% of the enolic form one hour after isolation. 

A quantity of the ester was allowed to stand in contact with concd. hydrochloric 
acid for two days a t  room temperature. A mass of crystalline lamellae formed. After 
washing with water and recrystallization from light petroleum, these crystals of 8- 
keto-nonoic acid melted a t  70.5' and decomposed just above this temperature, losing 
carbon dioxide and forming methyl hexyl ketone, b. p. 171 " (760 mm.); semicarbazone, 
m. p. 123". The semicarbazone mixed with the semicarbazone of authentic methyl 
hexyl ketone melted a t  123". The mercury derivative of heptine-1 gave with hydro- 
chloric acid almost theoretical yields of methyl n-amyl ketone, b. p. 150" (760 mm.); 
semicarbazone, m. p. 123'. unchanged by admixture with semicarbazone of authentic 
methyl n-amyl ketone. It will be noted that this semicarbazone melts a t  the same tem- 
perature as that of methyl n-hexyl ketone. 

The mercury derivative of octine gave methyl n-hexyl ketone, identified by the char- 
acteristics described above. 

The mercury derivatives from phenylacetylene and phenylpropiolic acid gave with 
hydrochloric acid acetophenone, b. p. 200" (760 mm.). The semicarbazone melted when 
slowly heated between 188-190°, and when heated rapidly at  201 O. The semicarbazone 
of authentic acetophenone behaved similarly. The oxime melted a t  59 O. 

Decomposition of the Mercury Derivatives with Halogens.-The reaction between 
the mercury derivatives and halogens was found to proceed best in chloroform. I n  
carbon tetrachloride the reaction was slower and in acetic acid was complicated by con- 
tamination of the halogen derivative with halogen-free ketonic compounds. By varying 
the water content of the acetic acid this complication was found to be due to the hy- 
drolysis of the halogen followed by the action of the halogen hydracid thus formed on the 
mercury compound. Refmed light petroleum was also an effective medium. 

The mercury derivatives were suspended in the solvent and the halogen added 
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:lowly. In  most cases it was necessary to warm the mixture in a water-bath a t  40° 
during addition of the halogen. When excess was present the mixture was allowed to 
stand for several hours. The precipitate was filtered off and the solution washed re- 
peatedly with water acidified with hydrochloric acid, and finally with distilled water. 
It was then dried over anhydrous sodium sulfate and evaporated. In some cases it 
was found possible to distil the halogen derivative under diminished pressure without 
decomposition and in these cases the boiling point is recorded in the table below. 

Mercury derivative 
from 

Stearolic acid 

Behenolic acid 

Methyl octine carboxy- 
late 

Ethyl phenylpropiolate 

Phenylacetylene 
Phenylpropiolic acid 

10.1 1-Undecinoic acid 

Halogen derivative 
analyzed B. p., OC. 

Chloroketostearic acid Dec. 
Bromoketostearic acid Dec. 
Chloroketobehenic acid Dec. 
Bromoketobehenic acid Dec. 
Methyl dibromoketo- 

nonoate 169 (14 mm.) 
Ethyl benzoyldibromo- 

acetate 194 (15 mm.) 
Tribromomethyl n-amyl 

ketone 120 (0.5 mm.) 
Tribromomethyl n-hexyl 

ketone 137 (0.5 mm.) 
Very slight action a t  low temperatures 
w - Tribromo - acetophe- 

none 174 (14 mm.) 
Trichloroketo-undecoic Dec. 

acid 

IIalogen, 7 0  
Calcd. Found 

C1 10.66 10.68 
Br21.20 21.07 
C1 9.12 9.02 
Br 18.46 18.36 

Characteristics of the Halogen Derivatives.--9-Chloro-10-ketostearic acid and the 
corresponding bromo acid were obtained as viscous oils which were converted into non- 
crystalline resinous masses by cooling with a mixture of solid carbon dioxide and ether. 
The sodium, potassium and lithium salts were soft and soapy. The calcium, barium 
and lead salts were cheese-like solids. The ethyl and methyl esters were oils which could 
not be distilled under a pressure of 2 mm. Both the chloro and the bromo acids 
were reduced to 10-ketostearic acid melting a t  76' by refluxing on a water-bath with 
aqueous alcoholic hydriodic acid under the following conditions. 2 g. of the halogen acid 
was dissolved in 50 cc. of absolute alcohol and to the solution were added 5 g. of potas- 
sium iodide in 50 cc. of water and 5 cc. of coned. hydrochloric acid. The mixture was 
heated on a boiling water-bath under reflux for fifteen minutes and a titration made with 
N/10 thiosulfate until only a faint yellow coloration remained. The flask was again 
heated, thiosulfate being added a t  intervals of five minutes to remove free iodine. The 
heating was continued until only a faint coloration appeared during ten minutes. Water 
was added and the precipitate filtered off and recrystallized from light petroleum. The 
ketonic acid thus obtained was identified after establishing absence of halogen by its 
melting point and its unchanged melting point when mixed with the ketonic acid de- 
rived from the corresponding mercury compound by decomposition with hydrochloric 
acid. 

13-Chloro-14-ketobehenic acid and the corresponding bromo acid were also ob- 
tained as viscous oils showing the same general characteristics as the stearic derivatives. 
Reduction with hydriodic acid gave 14-ketobehenic acid melting a t  83-84 ". 

The mercury derivative of 10,ll-undecinoic acid gave with chlorine the trichloro 
ketonic acid ClsCCO(CHz)8COOH in quantitative yield. The acid and its methyl and 
ethyl esters were viscous oils which could not be distilled under a pressure of 2 mm. 
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They showed no tendency to hydrate. The acid decomposed when warmed with a 20% 
solution of caustic soda to yield chloroform and sodium sebacate. After one liour's 
reduction with aqueous alcoholic hydriodic acid under the conditions already described 
the acid gave an iodine-free oil containing 30.8% of chlorine. After twenty-two hours, 
during which liberated iodine was removed by addition of thiosulfate a t  intervals, an  
oil containing 24.2Yo of chlorine was obtained. Iodine was absent. Dichloro-keto- 
undecoic acid contains 26.26Y0 of chlorine. 

The removal of chlorine during this reaction can be accounted for by the simul- 
taneous replacement of chlorine by iodine and the addition of hydrogen iodide to the 
carbonyl group. 

C' Cl \ (OH) 3 

I \ I 
ClCCO(CH2)sCOOH + 2HI ---+ ClCC(CHz),COOH f HC1 

I 
C1 

Cl (OH) 
1 I 2' I i  

CiC=C(CH,) COOH + CHCleCO(CH,) sCOOH 

The analyses recorded in this communication were effected by the methods of H. ter 
Meulen. 

Summary 

1. Mercury derivatives prepared by the action of mercuric acetate upon 
acetylenic compounds have been utilized for the synthesis of halogenated 
ketones, ketonic acids and esters. 

2. Where the acetylenic compounds contain no labile acetylenic hydro- 
gen atom, the mercury derivatives have been shown to be unsaturated and 
to contain the grouping -C(OHgOOCCHa)=C(HgOOCCH3)-. 

3. Where the acetylenic compound contains labile acetylenic hydrogen, 
substitution of this hydrogen atom takes place and, while no evidence of 
unsaturation has been obtained, the properties of the mercury compounds 
can be accounted for by assuming the presence of the unsaturated grouping 
-C(OHgOOCCHs)=C(HgOOCCH3)2. 

LONDON, ENGLAND 
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[CONTRIBUTION FROM THE CHEMISTRY LABORATORY O F  THF. UNIVERSITY OR MICHIGAN] 

THE REACTION BETWEEN TRIPHENYLMETHYL, MAGNESIUM 
AND A SMALL AMOUNT OF MAGNESIUM HALIDE. THE 

COMPOSITION OF THE GRIGNARD REAGENT 

In  studying the action of a mixture of magnesium and magnesium halide 
on ketones, 1,2-diketones and on aromatic acids,' i t  was observed that a 
molecule of magnesium halide was split off from the halogen-magnesium 
compounds initially formed in the reaction. In  virtue of this regeneration 
of magnesium halide, a small amount of halide in the mixture could suffice 
for complete reaction of a large amount of the ketones or acids, provided 
the mixture was heated. 

It has now been found that a Grignard reagent may be made to  undergo 
a similar loss of magnesium halide 

a(CaHs)sCMgX ((CBH)&MgC(CBH6)3 MgX% (1) 

Recently2 it was shown that triphenylmethylmagnesium bromide, and the 
iodide, can be prepared in excellent yields from triphenylmethyl and a 
mixture of magnesium and magnesium halide, according to  the following 
formulation 

~ ( C B H ~ ) ~ C  I- Mg + MgXa --+ Z(CsH6)sCMgX (2) 
It is now found that a small amount of magnesium halide suffices for 
complete conversion of triphenylmethyl to its magnesium derivatives. 
T o  be sure, the reaction is slower than is the case when a large amount of 
halide is present, but nevertheless it is complete. Either magnesium 
halide, as such, or a small amount of triphenylbromomethane may be 
added to the triphenylmethyl and magnesium; in the latter case, the 
carbinol bromide is first of all changed to the radical and magnesium 
b r ~ m i d e . ~  Since the radical does not react with metallic magnesium with- 
out halide present, the magnesium halide must be continuously reproduced 
according to Equation 1, being made available for further reaction. At the 
end of the reaction there exists an equilibrium mixture of triphenylmethyl- 
magnesium halide, magnesium triphenylmethyl and magnesium halide. 

It is considered that a similar equilibrium mixture may exist in the case 
of this and all other Grignard reagents even when the amount of metal 
halide is equivalent to a full mole, as is the case with such reagents prepared 
from the alkyl halides. Schlenk and Schlenk, Jr.,3 employing a different 
method, came to a similar conclusion. Gilman and co-workers4 consider 

Gomberg and Bachmann, THIS JOURNAL, 49,247,2584 (1927); 50,2762 (1928). 
Gomberg and Bachmann, ibid., 52, 2455 (1930). 

3 Schlenk and Schlenk, Jr., Ber., 62, 920 (1929). 
Gilman and Fothergill, THIS JOURNAL, 51, 3149 (1929); Gilman and Brown, 

Rec. trav. chim., 48, 1133 (1929). 



that there is little or no RzMg-Mg12 in the Grignard reagent under ordinary 
conditions in ether solution but that the amount varies markedly with the 
nature of the solvent, reactant and temperature. 

Experimental 
Triphenylmethyl + Mg.-A mixture of 9.8 g .  of triphenylmethyl and 0.62 g. of mag- 

nesium ribbon in 120 cc. of ether-benzene (1.2) was heated for forty-eight hours in a n  
atmosphere of nitrogen. At the end of this time no weighable amount of magnesium 
had reacted. In another experiment no magnesium was dissolved after one hundred 
hours, and the triphenylmethyl used was recovered unchanged. 

Triphenylmethyl + Mg + Mg12 (42%).-Twelve grams of triphenylmethyl, 3 g. 
of magnesium iodide and 0.77 g. of magnesium ribbon were heated in  a n  atmosphere of 
nitrogen in a mixture of 40 cc. of ether and 70 cc. of benzene. After twenty hours, t h e  
clear solution was filtered from excess of magnesium and hydrolyzed. The  magnesium 
loss was 0.59 g.; this represents 97% of the calculated value. The magnesium hydroxide 
produced on hydrolysis required 46.05 cc. of N acid for neutralization; theoretical value 
on basis of triphenylrnethyl, 50.0 cc. From the ether-benzene solution there was ob- 
tained 11 g. (92%) of triphenylmethane. 

Similar results were obtained when magnesium bromide was used in place of t h e  
iodide, even when the amount of halide corresponded to only 0.05 mole for a mole of tri- 
phenylmethyl. 

Triphenylmethyl (0.9 mole) + Triphenylbromomethane (0.1 mole) + M g . - A  
mixture of 13.4 g. of triphenylrnethyl and 1.98 g. of triphenylbromomethane was heated 
with 1.19 g. of magnesium ribbon in 200 cc. of ether-benzene (2:3). The  reaction started 
immediately. After three days the solution was filtered; loss in magnesium, 0.83 g.; 
theoretical value, 0.82. Dry carbon dioxide was passed into the solution for six hours. 
Hydrolysis yielded 8.5 g. of triphenylacetic acid or 50% of the  calculated amount. 
From this single experiment, i t  would appear that the reaction between magnesium 
triphenylmethyl and carbon dioxide is considerably slower than carbonation of tri- 
phenylmethylmagnesium bromide. Gilman and Brown6 report t h a t  phenylmagnesium 
bromide reacts with n-valeronitrile more readily than does an equivalent solution of 
magnesium diphenyl. 

I n  another experiment in which 13.4 g. of triphenylmethyl and 1.80 g. of triphenyl- 
bromomethane were allowed to react with magnesium, 0.80 g. of metal was dissolved; 
calculated, 0.80. Hydrolysis gave 11.3 g. of triphenylmethane; calculated, 14.8. 

Summary 

A small amount of magnesium iodide (or bromide) can suffice to  convert 
triphenylmethyl and magnesium to the magnesium derivatives of tri- 
phenylmethyl. The reaction takes place in two steps: (a) 2(GHb)3C + 
Mg -I- MgX, = 2(CsH5)3CMgX; (b) 2(CsH~)&Mgx MgXz + 
(CsH5)3CMgC(CsH5)s. The latter step makes the MgXa available for 
continuous reaction. 

ANN ARBOR, MICHIGAN 

G i a n  and Brown, THIS JOURNAL, 52, 1183 (1930). 
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STUDIES RELATING TO BORON. 11. ACTION OF LITHIUM ON . 
ETHYLAMMINO BORON TRIFLUORIDE 

As was stated in a preceding paper,' ammino boron trifluoride is appre- 
ciably ammonolyzed when dissolved in liquid ammonia. This is con- 
clusively shown by the fact that when sodium is added to a solution of 
the trifluoride in liquid ammonia, hydrogen is evolved. It was a t  first 
thought that ethylammino boron trifluoride might dissolve in ethylamine 
without aminolysis. However, on adding lithium to a solution of this 
compound in ethylamine, three atoms of hydrogen were evolved per mole 
of boron trifluoride, thus shaking that aminolysis went to completion. 

The reaction between lithium and boron trifluoride in ethylamine may 
be expressed by the equation 

BFs + 3CeHiNHs + 3Li = B(CZH6NH)a + 3LiF + 3/2Ha 

Experiment has shown that the reaction proceeds practically quantita- 
tively. The various products of the reaction have been isolated and 
identified. 

Preparation of Tertiary Boron Ethy1imine.-On adding lithium to an 
ethylamine solution of ethylammino boron trifluoride, hydrogen is evolved 
and a precipitate, consisting of lithium fluoride, is formed. This reac- 
tion is due to aminolysis of the boron trifluoride, the resulting ethyl am- 
monium fluoride reacting with lithium to form lithium fluoride and hydro- 
gen. The reaction proceeds until all the fluorine atoms have been amino- 
lyzed. 

Four reactions were carried out for the purpose of determining the nature of the 
various reaction products. The apparatus employed was substantially as is shown in 
Fig. 1. The reactions were carried out in a weighed tube A. A known quantity of 
ethylammino boron fluoride was introduced into the bottom of the reaction tube and a 
weighed quantity of lithium into the introduction tube B. The reaction tube was at- 
tached to the system at  T by means of de Khotinsky cement. After exhausting the ap- 
paratus, a bath of ammonia was placed around the auxiliary chamber M, into which a 
quantity of lithium had previously been introduced, and, by opening the valve 0 of the 
cylinder L, containing ethylamine, the desired quantity of solvent was condensed in M. 
After closing stopcock K, the bath surrounding M was removed and placed around the 
reaction tube A. Stopcocks C, D and H were opened, allowing the solvent evaporating 
in M t o  condense in the reaction tube. When condensation was completed, any hy- 
drogen present was removed with a pump and the lithium in the addition tube B was 
introduced as needed by turning this tube through a suitable angle about its axis. In 
the meantime, the stirrer 2, suspended from a spring Y, was set in motion by an inter- 
mittent current passing through the solenoid X. Lithium was added slowly, piece by 
piece, the evolved hydrogen passing through stopcocks C. D and F and through a sul- 

1 Kraus and Brown, THIS JOURNAL, 51,2690 (1929). 
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furlc acid trap W into the chambers V and U containing sulfuric acid and phosphorus 
pentoxide, respectively. The acid and oxide served to remove ethylamine carried over 
with the hydrogen. 

The addition of lithium was continued until the solution remained permanently 
blue. All the hydrogen was carried over into the drying tubes by the amine vapor. 

C 

Fig. 1.-Apparatus used in aminolysis of boron trifluoride. 

After standing, it was removed by means of a Topler pump, J, and transferred into 
a graduated buret Q. After determining the volume of the hydrogen, it was introduced 
into a bulb R of known volume and its density determined from the weight and pressure 
of the gas. 

The excess solvent was distilled from the reaction tube into the recovery tubes, S, 
which were then sealed off from the 
system. Dry nitrogen was introduced 
into the reaction tube, the addition 
tube B was removed and the amount 
of lithium remaining, determined. The 
reaction tube A was then pumped to 
constant weight. 

On weighing, it was found that the 
weight of the contents was less than 
that of the materials used. This led 
to the inference that one of the prod- 
ucts of the reaction was a more or less 
volatile liquid or solid. 

Accordingly, in a third experiment, 

a two-legged reaction tube was used in l?ig. a.-Apparatus used in prepparing boron 
place of that illustrated in Fig. 1. Be- triethylimine. 
fore distilling off the amine a t  the end 
of the reaction, the tube was detached from the system, the precipitate was allowed to  
settle and the clear liquid decanted into the second l i b  of the tube. The solvent was 
then distilled back into the first leg for the purpose of wash'ig the solid residue. This 
process was repeated nine times. The tube was then again attached to the system aBd 
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the  excess amine recovered. It was found that  a quantity of liquid remained in the 
second limb of the reaction tube which was much less volatile than ethylamine. The 
two limbs of the reaction tube were sealed and separated from each other, and the limb A 
containing the liquid product was attached t o  two U-tubes, B and C, as shown in Fig. 2. 
The  tube T was attached t o  T of the apparatus as  shown in Fig. 1. The apparatus was 

exhausted through T while a bath of 
liquid ammonia was placed around tube 
B. Under a pressure of about 0.1 mm.. 
the liquid distilled rapidly from A into 
the cooled tube The ammonia bath 
was then removed and placed around 
tube C and the liquid was redistilled 
from B to C. When this process was 
completed, nitrogen was slowly intro- 
duced into the apparatus. forcing the 
liquid through the capillaries into the 
previously weighed bulbs D. Tube C 
was then opened, the bulbs were re- 

x T moved and the capillaries sealed and 
weighed The solid residue left in the 
first limb of the original two-legged re- 
action tube was treated with sulfuric 
acid in a platinum crucible and the 
weight of lithium determined as lith- 
ium sulfate. 

A fourth reaction was carried out 
with a tube of the form shown in Fig. 3. 
Tube A' was attached, by means of T 
t o  tube T of Fig. 1 in place of the reac- 

Fig. 3.-Improved apparatus for preparing tion tube A. The reaction was carried 
boron triethylimine. out as already des-ribed and. when 

completed. stopcock D was closed and 
tube X was attached to a pump. On placing a liquid ammonia bath around tube B 
(containing the weighed bulbs) and exhausting the system through C ,  the volatile prod- 
uct distilled rapidly from the reaction tube A' into B. This liquid was then fo.ced 
through the capillaries into the bulbs under a pressure of nitrogen. The known samples 
in the bulbs were employed for analyses and molecular weight determinations. 

Determination of Products of Reaction 
Hydrogen.-The relation between the volume of hydrogen collected 

and the weights of material used is summarized in the following table for 
Expts. 1, 2 and 3. 

TABLE I 
DATA RELATING TO HYDROGEN EVOLVED 

Expt. no. Mole of BPI Mole Li Hz, CC. Atoms Hz 

1 0.0095 0.037 266 0.0238 
2 .00681 .0217 240 .0214 
3 .00626 .0187 197.2 .0176 

The density of the gas evolved in Reaction 1, was 3.36, which clearly 
indicates that it consisted essentially of hydrogen. As is shown by the 
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figures in the last column, the volume of hydrogen collected in Expts. 
2 and 3 was approximately three atoms per mole of boron trifluoride, 

The Insoluble Solid Product of Amino1ysis.-The solid product of 
the reaction, which was insoluble in ethylamine, was assumed t o  be 
lithium fluoride. After washing with ethylamine, various samples were 
analyzed for lithium and fluorine without further purification. 

Anal. Lithium subs., 0.0621, 0.1898, 0.2413: LiSOa, 0.1206, 0.3882, 0.4965. 
Calcd. for LiF: Li, 26.75. Found: Li, 24.51,25.82,25.87. 

The solid was also analyzed for fluorine by the lead chlorofluoride method. 
Anal. Subs., 0.0322: PbClF, 0.3119. Calcd. for LiF: F, 73.4. Found: F, 70.32. 

The results show that the insoluble product of reduction was slightly 
impure lithium fluoride. 

Analysis of Liquid Product B(CzH5NH)s.-Samples of the liquid 
product, prepared as described above, were analyzed for nitrogen by 
hydrolyzing the material, distilling the ethylamine with water vapor 
and titrating the distillate with hydrochloric acid of known concentration. 

Anal. B(CZH6NH)a subs., 0.0777, 0.0712: cc. of 0.1083 N HC1, 15.11, 13.78. 
Calcd. for B(C2HsNH)3: N, 29.30. Found: N, 29.20,29.36. 

A quantity of the material was hydrolyzed by means of a small quantity 
of water vapor and the amine resulting was collected and its vapor density 
determined. The vapor density corresponded to a molecular weight of 
44.8, as against 45.1 for ethylamine. 

Analyses for boron were carried out by the titration method, as de- 
scribed in the preceding paper. In a number of instances the ethylamine 
was boiled off from an alkaline solution, while in others, the amine was 
first titrated with 0.1 N HC1. Samples of material from which the amine 
had been removed by the boiling of an alkaline solution yielded, in three 
determinations, 8.11, 8.27 and 8.16% of boron. In another series of de- 
terminations, in which the amine was neutralized with 0.1 N HCl, there 
were obtained the following values: 8.00, 7.96, 8.02 and 7.96% of boron. 
The boron content of B(C2HSNH)p is 7.67%. The value found for boron 
was slightly high. This discrepancy was due to inadequacy of the analyti- 
cal method rather than to  lack of purity of the compound. 

Properties.-The properties of tertiary boron ethylimine, which is an  
ammono boron ethyl ester, were not extensively studied. It is fairly 
volatile a t  ordinary temperatures and, except for its sensitiveness t o  
moisture, i t  is quite stable. It is readily soluble in ethylamine. 

Summary 

Ethylammino boron trifluoride is aminolyzed when dissolved in ethyl- 
amine. When a solution of this compound is treated with three atoms 
of metallic lithium, boron triethylimine, B(CaHsNH)3, is formed. This 
ammono boron ethyl ester is a liquid readily soluble in ethylamine, ap- 
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preciably volatile a t  ordinary temperatures and readily hydrolyzable 
by water vapor. 

PROVIDENCE, RHODE ISLAND 

[CONTRIBUTION FROM THE LABORATORIES OF TRF: ROCKEFELLER INSTITUTE FOR 
MEDICAL RESEARCH] 

COBALT COMPLEXES OF THIOGLYCOLIC ACID 

For reasons understandable from some preceding papers,l it seemed im- 
portant to enhance our knowledge of metal complexes of sulfhydril com- 
pounds which also contain a carboxyl group. Though the behavior of 
various representatives of this group toward cobalt has some common as- 
pects, there are individual differences. This paper is restricted to  the 
simplest of these compounds, thioglycolic acid. 

Compounds of cobalt and thioglycolic acid have been described by Rosen- 
heim and Davidsohn2 Attempts to repeat their work did not yield readily 
crystallizable compounds and furthermore these authors were not aware of 
the fact that the formation of their brown compounds requires free oxygen 
and does not take place in the absence of air. 

Another brief notice is given by Myers3 but he evidently did not obtain a 
pure compound and was also unaware of the oxidation which takes place in 
its formation. Much more nearly related to the compounds described in 
this paper is Cremer's4 observation of a complex established with cysteine 
and cobalt in the absence of air and in the presence of carbon monoxide. 
This complex, according to Cremer, contains two molecules of cysteine and 
one molecule of carbon monoxide for each atom of cobalt. The color of 
this complex is olive-green, more intense than the color of the cobaltous 
complex of cysteine without carbon monoxide. This author does not men- 
tion the fact that this cobalto complex in contact with air undergoes a con- 
siderable change and intensification of color, a fact which will be the start- 
ing point for our investigation. Cremer also describes an analogous com- 
plex of ferrous iron. One atom of iron combines with two molecules of 
cysteine and two molecules of carbon monoxide, so differing from the co- 
balt complex. This ferrous complex is highly optically active, is orange- 
yellow in color, and reversibly dissociates the carbon monoxide on being 
illuminated. 

Closely related to the present work is the attempt of Cannan and Rich- 
1 L. Michaelis and E. $. Guzman Barron, J. Biot. Chem., 83, 191 (1929); L. Mich- 

aelis, ibid., 84, 777 (1929). 
2 A. Rosenheim and J. Davidsohn, Z. anorg. Chew., 41, 231 (1904). 

C. N. Myers, J. Lab. Clin. Med., 6, 359 (1921). 
V. Cremer, Biochem. Z., 206, 228 (1929). 
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ardson5 to establish by indirect physico-chemical analysis the composition 
of iron thiogylcolic acid complexes. Their conclusions, however, are quite 
different from what will be suggested here. 

Yet among the innumerable papers on cobalt complexes by such authors 
as Werner, Pfeiffer, Jorgensen, Weinland, Tchugaeff, Ley and others, there 
is not a single one concerned with compounds such as cysteine or thiogly- 
colic acid which has in addition to an SH group some other group capable 
either of direct salt or complex formation so that the whole molecule would 
give an inner complex in the sense of Ley.6 This is the more remarkable 
as many other sulfur compounds have turned out to form quite stable com- 
plexes with cobalt; even in compounds in which the sulfur seems quite 
saturated, such as the thioethers and disulfides, there seems to be a strong 
affinity between sulfur and cobalt. 

When a cobalt salt is mixed with a buffer around PH 6--10 (phosphate, 
carbonate, veronal) a pink precipitate arises which is perfectly stable in air 
and shows no trace of any oxygen consumption when observed in a micro- 
respiration apparatus. In the same way, the soluble slightly pink cobalt 
complex of pyrophosphate is not oxidized by air, in contrast to  the anal- 
ogous ferro complex. 

When the mixture of cobalt salt and phosphate buffer, containing the 
slightly pink precipitate, is mixed with thioglycolic acid under such condi- 
tions that the reaction never becomes acid, the precipitate is dissolved and 
the color rapidly becomes brown. Under favorable conditions one may 
see an intermediate state of deep blue-green color. This intermediate 
state, difficult to observe in air, is the permanent state in absence of air. 
On mixing the components under completely deaerated condition in a 
stream of nitrogen, the green color arises and is stable. The green color 
may be intense a t  high concentration but is by no means comparable 
in color intensity to the brown color established in air. Instead of oxygen, 
ferricyanide, or a dyestuff such as indophenol, methylene blue, or even 
indigo disulfonate can be used as oxidant with equal effect, the dye being 
reduced instantaneously. The green cobalt complex is so sensitive to air 
that we have not attempted as yet to prepare it in pure condition. The 
only statement one may make is that in absence of air approximately two 
molecules of thioglycolic acid are necessary to dissolve one molecule of 
cobalt present in the form of the phosphate precipitate. 

When this mixture is exposed to the air it rapidly consumes oxygen, 
simultaneously turning brown. To get an idea of the oxidation level of 
this brown complex a study was made of the amount of oxygen taken up in 
its formation. This study has shown that there is more than one step to  
the oxidation process and that by adjusting the conditions these steps 

6 R. K. Cannan and G. M .  Richardson, Bzochem. J., 23,1242 (1929). 
6 H .  Ley, 2. Electrochem., 10, 954 (1904). 
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can be quite sharply distinguished. It is particularly necessary to avoid 
too alkaline a reaction. 

The oxygen uptake was measured in a 500-cc. Erlenmeyer flask with a one-holed 
rubber stopper leading to a calibrated air reservoir with a manometer attachment so that 
the whole system could be held a t  atmospheric pressure. In the flask two test-tubes were 
placed, one with thioglycolic add and one with alkali, while in the bottom of the flask 
itself was placed the cobalt salt with some primary phosphate. The whole was sealed 
with parafEn and after standing for a t  least an hour in a constant temperature room a t  
30° and under slight pressure to make sure there were no leaks, the flask was tipped to 
allow the contents of the test-tubes to mix with those of the flask and then the decrease 
in volume of the gas in the system was read off a t  successive time intervals, the flask 
being shaken all the time. 

Under these conditions and with the amounts of material noted in the table there 
was observed for the first thirty minutes a rapid oxygen uptake which then dropped 
off quite suddenly, falling to a rate which was about one-twentieth to one-hundredth of 
the average rate during the first thirty minutes. After an hour the oxygen uptake 
had dropped to a rate of the order of 1 yo or less of the rate during the first thirty minutes 
and continued for days without reaching a definite end. The amount of oxygen taken 
up during this first thirty-minute interval, which quite evidently corresponds to a 
distinct step of oxidation, is one-eighth mole of oxygen per mole of thioglycolic acid used, 
provided the molecular ratio of thioglycolic acid to cobalt is not greater than two to one 
and provided the mixture is not too alkaline. These are the conditions under which 
the crystalline complexes were made and frequently isolated within an hour with yields 
of over 70%. If the thioglycolic acid be in excess with respect to cobalt beyond the 
ratio noted above, then the oxygen uptake also increases somewhat, the rate depending 
on the alkalinity of the solution, for the excess thioglycolic acid is oxidized by oxygen to 
dithiodiglycolic acid. Under these conditions it is sometimes difficuIt to isolate the 
crystalline products which are our present concern, but even under these conditions there 
is an  approximate step in the oxidation which calculated now to the cobalt amounts to 
one-fourth mole of oxygen per atom of cobalt. Also, if the mixture is made too alkaline 

TABLE I 
OXYGEN CONSUMPTION IN MIXTURES OP COBALT CHLORIDE AND THIOGLYCOLIC ACID 

The column headed "calcd. O2 consump." is the theoretical oxygen consumption 
calculated as orie-fourth mole of oxygen per atom of cobalt if thioglycolic is in excess to 
cobalt over 2 to 1. If the ratio of thioglycolic acid to cobalt is less, then one-eighth 
m ~ l e  of oxygen per mole of thioglycolic acid is taken as the theoretical value. 

Expts. 2 and 7, oxygen consumption under conditions for making complexes de- 
scribed; Expts. 1 and 9, oxygen consumption with excess cobalt; Expts. 3, 6 and 8 
increased oxygen consumption with excess alkali; Expts. 4 and 5, increased oxygen 
consumption with excess thioglycolic acid. 

Composition of mixture, millimoles Calcd. Observed O/ ,  Excess of Or 
Volume of the whole 30-40 cc. 0 2  01 consump., consumed in 

Thiogly. consump., mmols. first hour 
Expt. acid Co KOH KHpPOa mmols. 30 min. 3 hrs. 20 hrs. over calcd. 

1 6.5 6 .5  21 4 . 5  0.81 0.93 1.11 1.54 26 
2 14.4 6.5 23 4 .5  1.62 1.47 2.01 2.37 7 
3 14.4 6 .5  52 4 . 5  1.62 1.98 2.98 3.99 53 
4 10.3 2.5 15 9 0.63 0.67 0.90 1.23 24 
5 10.3 3 .4  19 9 .85 .98 1.13 1.44 23 
6 10.3 3 .4  37 9 .85 1.42 1.59 2.11 76 
7 10.3 5 .0  22 9 1.25 1.21 1.44 1.62 6 
8 10.3 5 .0  45 9 1.25 1.65 1.80 3.32 38 
9 10.3 10.0 37 9 1.29 1.26 1.52 1.80 8 



Nov., 1930 COBALT COMPLEXES OF THIWLYCOLIC ACID 4421 

the second slow step of oxidation seems to be speeded up so that the two steps are not as 
sharplv separdted and the total oxygen uptake is inaeased This is probably due to a 
slow oxidation of the sulfur in the complex. 

We were interested in the problem whether the consumed oxygen might 
be completely reduced or in part stay in the form of hydrogen peroxide. 
The only test for hydrogen peroxide in a solution of such a deep color is the 
test with chromic acid and extraction of the blue chrom-peroxide by ether 
(or better still ethyl acetate). When there is an excess of thioglycolic 
acid, with respect to cobalt (referred to the normal ratio 2 : I), there is no 
hope of detecting hydrogen peroxide because thioglycolic acid, when not 
combined to form the metal complex, is rapidly oxidized by hydrogen 
peroxide; but on working with the ratio 2 : 1, traces of peroxide could be 
detected in some of the experiments. I t  is very likely that the formation 
of hydrogen peroxide depends on the partial pressure of free oxygen and on 
the rate of stirring, as Wieland and Franke7 have shown for the oxidation 
of cobalto-hexacyanide by oxygen. At any rate, even in the best case 
we found only a minute trace of peroxide under such conditions where 
in the analogous case of cobalt cyanide a very conspicuous amount of 
peroxide could be found, as has been shown already by Manchot and Her- 
zoga and also by Wieland. 

So we may state with a fair degree of accuracy that in a mixture of one 
atom of cobalt and two molecules of thioglycolic acid, one~fourth of a mole- 
cule of oxygen is used up with no, or no appreciable, residue of hydrogen 
peroxide, during the first, rapid stage of the oxidation, with which this paper 
is concerned, and that the compounds to be described here represent such 
a state of oxidation that the cobalto-thioglycolic acid complex has con- 
sumed one-fourth of a molecule of oxygen for each atom of cobalt. This 
is no more oxygen than would be necessary to oxidize the cobaltous state 
to the cobaltic, without further oxidation of the sulfur groups. It should 
be emphasized that this stage of oxidation is not the highest obtainable 
but i t  is the first product of oxidation which is stable enough to  isolate in 
pure condition. Only with this stage of oxidation is the present paper con- 
cerned. 

The Preparation of the Complexes.-The simplest of these cobalt-thioglycolic 
acid complexes to prepare is the potassium salt. 10 cc. of thioglycolic acid (140 milli- 
moles) is dissolved in 15 cc. of water and then 20 cc. of 7.5 M potassium hydroxide is 
added. This potassium thioglycolate solution is then poured into a mixture of 130 
cc. of cobalt chloride (0.5 M), 50 cc. of potassium dihydrogen phosphate (0.9 M) and 
19 cc. of potassium hydroxide (7.5 M) with rapid stirring. The mixture immediately 
turns a deep red-brown. On examination under a microscope the solution now appears 
practically clear. The mixture should be shaken or stirred in contact with the air or 
have air bubbled through it for an hour. If necessary it is filtered. The solution is 

H. Wieland and W. Franke, Ann., 473,289 (1929). 
8 W. Manchotand J. Herzog, Ber., 33, 17.12 (1900). 
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evaporated either in oacuo or over steam to about one-third its volume. After cooling in 
the ice box for an hour or two, the crop of crystals is filtered off on a Biichner funnel - and sucked as dry as possible. This product dissolves readily and completely in water, 
giving an intensely colored red-brown solution. I t  is dissolved in about 125 cc. of water 
and 95% alcohol is added slowly and with stming until about 125 cc. has been added. 
An amorphous precipitate immeliately appears which rapidly becomes crystalline. The 
crystals observed under low magnification are thin rectangular plates pointed a t  the ends. 
After standing for a few hours they can be filtered on a Biichner and washed first with 50% 
alcohol, then with 95% alcohol. The yield after drying for a day or two in the air is over 
16.5 g. or over 75% calculated on the basis of the composition found by analysis. After 
drying by exposure to the air for a few days the following analytical results were obtained. 

Anal. Calcd. for [CO(SCHZCOO)ZKH]~O.~HZO: K, 11.76; S, 19.28; Co, 17.74; 
H20, 13.55. Found: K, 11.55; S, 19.31; Co, 17.83; H10, 13.07. 

The potassium salt which has just been described is the best starting point for the 
preparation of the rest of the compounds studied here. To prepare the barium salt 3 g. 
of the recrystallized potassium salt is dissolved in 150 cc. of water and an aqueous 
barium chloride solution is added. An amorphous precipitate forms immediately, 
which begins to crystallize only after standing for about an hour. The crystallization is 
watched under a microscope and may take from one to four or five days for completion. 
Then the crystals are filtered off and washed several times with water and finally with 
95y0 alcohol. The yield of the air-dried product is 3.2 g. This salt is quite insoluble in 
cold or hot water and dissolves only partially on addition of concentrated hydrochloric 
acid. The following analytical results are on the air-dried product. 

Anal. Calcd. for B~[CO(SCH~COO)~H]~~.~H~O: Ba, 18.96; S, 17.72; Co, 
16.30; HzO,12.45. Found: Ba,18.87; S, 17.41; Co,16.41; HzO,12.02. 

Another crystalline product which appears to bc an acid potassium salt may also 
be obtained from the potassium salt already described. About 15 g. of the potassium 
salt is dissolved in 75 cc. of water, then drop by drop and with constant stirring 3.5 cc. of 
concentrated hydrochloric acid is added. The mixture is set on ice for about twelve 
hours. The solution then turns almost solid with a light brown precipitate which under 
the microscope appears as exceedingly fine hair-like crystals. They are difficult to filter 
and are best separated by centrifuging. Then they are dissolved in about 250 cc. of 
water. I n  contrast to the former potassium salt these crystals dissolve only very slowly. 
After solution is complete alcohol is stirred in slowly and in small portions until about 
150 to 200 cc. has been added. An amorphous precipitate appears which sometimes 
crystallizes in an hour or two and at  other times does so only after standing for a week. 
The crystals are filtered off, washed with 50% alcohol, then with 95% alcohol and dried 
by exposure to air. This air-dried product amounts to 7 g. 

Anal. Calcd. for KH[CO(SCHZCOO)~H]~O.~H~O. K, 6.42: S, 21.07; Co, 19.37; 
HzO, 11.84. Found: K, 7.17; S,20.39; Co, 19.72; HtO, 12.66. 

The free complex acid corresponding to the compounds which have been described 
can be prepared from the acid potassium salt by dissolving the latter in water and adding 
concentrated hydrochloric acid drop by drop with steady s t i n g  until a permanent 
precipitate is formed. Under the microscope the precipitate appears as very short 
narrow bars. These are filtered off after several hours, washed with 30% alcohol and 
finally with 95% alcohol. After drying in the air, these crystals were analyzed. 

Anal. Calcd. for [CO(SCH~COOH)~]~~.~.~H~~: S, 22.87; Co, 21.01; C, 17.10; 
H, 3.42; HIO, 11.24. Found: S, 23.04; Co, 21.45; C, 16.88; H, 3.21; HzO, 11.26. 

All of these complexes are quite stable and hydrogen sulfide, potassium hydroxide 
and potassium ferrocyanide all fail to precipitate the cobalt. The dry crystalline 
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compounds are quite stable and can be heated to 140' without decomposition provided 
they are not heated for too long a time. The aqueous solutions of these compounds are 
intensely reddish-brown, with no band is the visible part of the spectrum but with in- 
creasing absorption toward the violet end. 

The analytical results given are in all cases the mean results of duplicate 
analyses run on two or three entirely independent preparations. 

For the C and H determinations we are indebted to Dr. Elek. 
In the case of the potassium salt and the barium salt, water was deter- 

mined by heating to constant weight a t  110 to 120'. I n  the case of the 
potassium salt subsequent exposure to the air brought about, in a week, a 
recovery of most of the lost weight. The acid potassium salt and the free 
acid seem to begin to  decompose slowly after heating for a few days a t  120°, 
so in these cases water was determined in a vacuum desiccator over sulfuric 
acid. 

Discussion of the Constitution.-In setting up formulas for the com- 
pounds which have been described, the oxygen consumption studies must 
be considered as well as the analytical figures. All the compounds show a 
sulfur to cobalt ratio of 2 : 1 and where carbon and hydrogen have also been 
determined the results show that the thioglycolic acid molecule behaves 
as a unit in coordinating with the cobalt. Furthermore, in none of these 
compounds has there ever been found any negative radical other than the 
thioglycolate although made in the presence of chloride, phosphate or 
pyrophosphate. The complex nucleus of the compounds considered here, 
therefore, consists of two molecules of thioglycolic acid distributed around 
the cobalt atom. This nucleus forms the negative ion of the compounds. 

The oxidation level for a unit consisting of a cobalt atom and two thio- 
glycolate radicals is such that one electron is lost for each such unit. This 
could mean either that the cobalt is oxidized from a cobaltous to a cobaltic 
condition or that half the thioglycolic acid is oxidized to a disulfide form. 

Finally, the existence of the acid potassium salt with one potassium atom 
to two cobalt atoms and four thioglycolate radicals suggests the possibility 
that these complexes may be dinuclear in structure. 

To get some further evidence to show whether the compounds were mono- 
or dinuclear, the freezing point depressions of aqueous solutions of the po- 
tassium salt were determined. The results were: (a) 0.091° lowering 
of freezing point of water in a solution of 0.3884 g. of the potassium salt in 
20.10 g. of water; (b) 0.147' lowering for 0.6389 g. of the potassium salt in 
17.65 g. of water. This is, on the average, a freezing point depression of 
0.0044' for each gram of substance dissolved in 1000 g. of water. The ex- 
pected depression for a solution 1: 1000 would be, assuming total dissocia- 
tion of all potassium ions 

For the rnonomolecular formula . . . . . . . . . . . . . . . . 0.0112" 
For the diiolecular formula. . . . . . . . . . . . . . . . . . . . . . 0.0084 
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It can be seen that the monomo1ecular formula is not in accordance with 
the observed freezing point at  all. The dimolecular formula is more 
compatible, taking into consideration that in electrolytes with polyvalent 
anions the assumption of 100% dissociation and the neglecting of osmotic 
coefficients (in the sense of Debye) are not justifiable and necessarily render 
the calculated depression greater than it can really be. Even a higher 
polymerization might be in agreement with the observed freezing point. 
Anyhow, this method is not very conclusive for polyvalent electrolytes and 
may be only utilized here to discredit a monomolecular formula. 

Putting all these facts together leads to the following tentative formulas 
in which Ia and Ib  represent a cobaltic compound, IIa and IIb a cobalto- 
disulfide compound, both in the form of the potassium salt. The two b- 
formulas are analogous to what Werner designated as 01-complexes. They 
have the advantage that the six coordination places around the central 
cobalt are occupied and a t  the same time account for the fact that the 
crystals of both the free acid and the potassium salt, as well as the barium 
salt contain an odd number of water molecules (as reckoned for the bi- 
molecular formula). The odd water molecule may be the one which the 
two b-formulas have in the inner spheres of the cobalt atoms, and which the 
a-formulas do not have. 

IIa IIb 
R = SCH2COO 

A similar formulation of some cobalt complexes which are somewhat 
analogous to the ones here described is given by D ~ r r a n t , ~  who also at- 

R. G. Durrant, J. Chem. SOG., 87, 1781 (1905). 
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tempted to determine the oxidation level as well as the molecular weight of 
the compounds he describes, particularly of the oxalate compounds. 

So far no isomers have been found. I t  may be that the residual va- 
lences between pairs of sulfur atoms, even in the saturated form as SH 
groups, prevent them from taking a tmns-position instead of cis, and so 
prevent the formation of isomers. 

As we attempt to bring up various arguments for the preference of one 
or the other of the two possibilities I or 11, the following ideas may be set 
forth. 

Nickel sulfate (or chloride) reacts, under the same conditions as cobalt, 
with thioglycolic acid, giving a red color, but is the same in the absence or 
in the presence of oxygen. Oxygen consumption is, therefore, not involved 
in the establishment of this compound. This complex is, therefore, most 
likely analogous to the slightly green cobaltous complex which arises in 
the absence of oxygen. Ferrous salts, under similar conditions, and in the 
absence of oxygen, form a practically colorless soluble complex with thiogly- 
colic acid, which combines avidly with oxygen and forms the red complex 
differing from the oxidized cobalt complex by its lability so that iron 
is a catalyst for the oxidation of thioglycolic acid to dithiodiglycolic acid. 
The behavior of the three complexes: ferrous, nickelous and cobaltous 
cysteine, toward oxygen is, therefore, what may be anticipated from the 
general properties of the metals, but scarcely from the general property of 
thioglycolic acid. Nickel compounds are under any conditions stable only 
in the nickelous state. Cobalt compounds are in certain compounds stable 
only in the cobaltous state (cobalt sulfate, chloride, etc.), in others they 
are, when produced in the cobaltous state, spontaneously and completely 
oxidized even by moleular oxygen to the cobaltic state and then cannot 
be reduced to the cobaltous state even by powerful reductants. Iron 
compounds can always be shifted easily from the ferric state to the fer- 
rous and vice versa. From this point of view, the cobaltic formula No. 1 is 
preferable. 

On the other hand, the high affinity of the two sulfur atoms, deprived of 
the H-atoms, in such a vicinity as indicated in the formula should be taken 
into account. This might involve a secondary change of formula I to 
11. 

Many attempts have been made to decide between the two possible 
formulations, but with no decisive result as yet. One may think of a des- 
motropic relationship between the two formulas. This idea might account 
for the intense color of the complexes. Anyhow, the very fact that  such a 
doubt is possible a t  all hints a t  the close relationship between a cobalti- 
hydrosulfide form and a cobalto-disulfide form, and seems to be an approach 
toward an understanding of the metal cat&lysis in the oxidation of hydro: 
sulfides to disulfides. - . -  
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Summary 
Some crystalline complex compounds of cobalt and thioglycolic acid have 

been prepared and on the basis of chemical analysis and oxygen consump- 
tion their possible constitutions have been discussed. The bearing of 
these constitutions on the heavy metal catalysis of the oxidation of thiol 
acids has been pointed out. 

NEW YORK, N. Y. 

STUDIES RELATING TO METHYL TIN DERIVATIVES. VI. THE 
REACTION BETWEEN CHLOROFORM AND SODIUM 

TRIMETHYL STANNIDE IN LIQUID AMMONIA 

As was shown in an earlier paper1 sodium trimethyl stannide reacts 
with methylene chloride in liquid ammonia with the formation of di- 
trimethyl stannyl methane. It might, therefore, be expected that a corre- 
sponding reaction would take place between chloroform and sodium tri- 
methyl stannide according to the equation 

3(CH&SnNa + CHCL = [(CHz)Sn]3CH 3- 3NaCI (1) 

Indeed, when chloroform is added to a solution of sodium trimethyl stan- 
nide in liquid ammonia, reaction takes place immediately with the for- 
mation of a white precipitate which, in part a t  least, is solid. On evapora- 
tion of the ammonia, an oily liquid is left behind, which might be expected 
to be tri-trimethyl stannyl methane. A closer investigation of this liquid, 
however, showed that it consisted of a t  least two substances and it was 
found necessary to examine the product a t  length in order to establish 
the nature of the substances in question. The various experiments re- 
lating to this study are described below. 

Preliminary Experiments.-A quantity of sodium trimethyl stannide was treated 
with chloroform in liquid ammonia. When the reaction was completed, the ammonia 
was allowed to evaporate and the oily liquid left behind was washed several times, first 
with ammonia water and, finally, with distilled water. The liquid was separated from 
the water layer and dried by filtering through anhydrous sodium sulfate in an atmosphere 
of nitrogen. Samples were sealed in weighed tubes from which the air had been dis- 
placed by nitrogen. 

Samples of the product were analyzed for tin by the Carius method. 
Anal. Subs., 0.3403, 0.3841: SnOz, 0.3046, 0.3433. Calcd. for [(CH3)3Sn]&H: 

Sn, 70.64. Found: Sn, 70.73,70.40. 
The molecular weight of the compound was determined by the cryoscopic method 

with benzene as solvent. 

Kraus and Neal, THIS JOURNAL, 52, 695 (1930). 
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1MoE. wt. Solvent, 33.25,33.25; solute, 0.8495,0.7561; At, 0.400,0.335°; mot. wt., 
319.1, 338.5. Calcd. for [(cH~)aSnlaCH: mol. wt., 504.1. 

While the results of analysis correspond fairly well with those required for tri- 
trimethyl stannyl methane, the mean molecular weight of the substance in benzene is 
clearly incompatible with this formula. A re-examination of the product initially 
formed in liquid ammonia showed that it was partly liquid and partly solid a t  liquid 
ammonia temperatures and that the solid disappeared a t  0'. 

' 

I t  was suspected that the product was a mixture, one constituent of which was tri- 
methyl tin. The latter compound combines readily with iodine and the trimethyl tin 
iodide formed may be precipitated from most solvents by means of gaseous ammonia. 
Accordingly, known weights of the original preparation were treated with a standard 
solution of iodine in carbon tetrachloride. In four experiments, from 1.7 to 1.8 atoms 
of tin in the original mixture reacted with one atom of iodine. In other words, approxi- 
mately four-sevenths of the original mixture consisted of trimethyl tin. It is difficult 
to account for this ratio except by assuming a loss of trimethyl tin in the process of 
purification. This is borne out by the variation observed in this ratio. 

The solutions, after iodination, were treated with ammonia. Any trimethyl tin 
iodide present was precipitated and recovered. Samples of the precipitated product 
were analyzed for iodine and tin. 

Anal. Subs., 0.2332, 0.3757: AgI, 0.1760, 0.2852. Calcd. for (CH3)aSnI*NH3: 
I, 41.25. Found: I, 40.79, 41.03. Subs., 0.1682: Sn02, 0.0838. Calcd. for (CH3)s- 
SnI.NH8: Sn, 38.59. Found: Sn, 39.24. 

The analyses, as well as the properties of the compound, show clearly that tri- 
methyl tin iodide is one of the products of iodination of the original mixture. Nearly 
all the iodine concerned in the reaction is converted to trimethyl tin iodide. In  one 
experiment, 2.716 g. of iodine was required for idmation and 2.566 g. was recovered 
as trimethyl tin iodide. 

Seemingly, one constituent of the original product of reaction between sodium 
trimethyl stannide and chloroform is trimethyl tin. The second constituent of this 
product appears to be resistant to the action of iodine and, even, as later experiments 
have shown, to bromine a t  ordinary temperatures. The original reaction proceeds 
smoothly and, seemingly, quantitatively, except for losses that seem to  be due chiefly 
to trimethyl tin. We may account for the products of the reaction by assuming that 
tri-trimethyl stannyl methane is formed as an intermediate product according to 
Equation I, and that this, in turn, breaks down according to the reaction equation 

The second constituent of this reaction, di-trimethyl stannyl ethylene, is an un- 
saturated aliphatic derivative and might be expected to add halogens. This, however, 
is not the case. Nevertheless, the experiments which we have carried out seem to in- 
dicate that this compound is, in fact, formed as one of the products of interaction be- 
tween sodium trimethyl stannide and chloroform. 

Properties of Di-trimethyl Stannyl Ethylene.-The second constituent of the 
product formed by the interaction of chloroform and sodium trimethyl stannide was 
isolated by evaporating the ethereal solution after removal of the trimethyl tin by means 
of iodine and ammonia, as described above. The last traces of ether were removed by 
means of a vacuum pump. The resulting product appeared to be a substantially pure 
compound which is quite stable and which boils a t  194195O under atmospheric pres- 
sure. It does not solidify a t  liquid ammonia temperatures. 

The molecular weight of the compound was determined by the cryoscopic method, 
using benzene as solvent. The following results were obtained. 
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Mol. wt. Solvent, 35.60, 18.72, 19.49: solute, 1.7447, 0.2169, 0.9320; At, 0.704, 
0.166, 0.692"; mol. wt., found, 348.0, 349.0, 345.6; calcd. for [(CH3)3SnCHl,, 353.4. 

The last experiment was carried out with a sample specially purified, as will be de- 
scribed below. 

The compound was analyzed for tin by the Carius method. 
Anal. Subs., 0.2521, 0.2038, 0.1952: SnOs, 0.2153, 0.1729, 0.1665. Calcd. for 

[(CH3)3SnCH]2: Sn, 67.i7. Found: Sn, 67.27, 66.83, 67.19 : mean, 67.10. 
Carbon and hydrogen determinations were also made on the compound but it was 

difficult to obtain entirely satisfactory restdts, owing chiefly to the fact that it was very 
difficult to obtain an even combustion of the materiaL8 The following results were 
obtained. 

Anal. Subs., 0.2672, 0.4356, 0.1910: HzO, 0.1444, 0.2368, 0.3901; COZ, 0.2604, 
0.3901, 0.1779. Calcd. for [(CH~)SS~CH]L: H, 5.70; C, 27.15. Found: H, 6.05, 
6.09, 6.19, mean, 6.11; C, 26.58, 24.43, 25.39, mean, 25.47. 

While the results of these analyses are somewhat variable, when taken in connection 
with the analyses for tin and the molecular weight of the compound, there seems little 
doubt but that the formula assigned to it is correct. It seems strange, however, that 
a compound having a pair of doubly bonded carbon atoms should be so stable, generally, 
toward the halogens. 

If di-trimethyl stannyl methane is one of the primary products of the original re- 
action, then, in order to account for the results obtained on iodination, it is necessary to 
assume that some trimethyl tin is lost prior to iodination. I t  seems that the difference 
in the tin content of a mixture corresponding to the formula [(CHI)~S~]&!H and one in 
which three parts of the ethylene derivative are mixed with four parts of trimethyl 
tin, might be detected by analysis. Accordingly, careful analyses for tin were carried 
out by the Carius method with the following results. 

Anal. Subs., 0.4761, 0.1698: Sn02, 0.4238, 0.1511. Found: Sn, 70.12, 70.10; 
mean, 70.11. 

For a mixture corresponding to the formula of tri-trimethyl stannyl methane, 
70.64% of tin is required, while for a mixture containing three moles of the ethylene 
compound to four moles of trimethyl tin, [(CH3)3Sn]z, 70.20y0 is required. 

Bromination of [(CH3)JSnCH]z.-Although di-trimethyl stannyl ethylene is in- 
active toward bromine at  ordinary temperatures, bromination takes place slowly in 
boiling carbon tetrachloride. A known weight of the ethylene derivative was ac- 
cordingly treated with bromine and, when the reaction was completed, the mixture was 
allowed to cool and ammonia was passed through the solution. A precipitate was 
formed which, on analysis, was shown to be diamrnino dimethyl tin dibromide, (CHa)2- 
SnBrz-2NHa. The precipitate was thrown on a filter, washed, dried and analyzed. 

Anal. Subs., 0.1914, 0.3170: AgBr, 0.2128, 0.3484. Calcd. for (CH3)zSnBr2-2- 
NHs: Br, 46.66. Found: Br, 47.34,46.78. Subs., 0.1461: SnOz, 0.0632. Calcd. for 
(CH3)SnBr2-2NHs: Sn, 34.66. Found: Sn, 34.07. 

The amount of tin recovered in the form of diiethyl tin dibromide was 1.1 g., while 
the amount of tin present in the original compound was 1.17 g. I t  seems that, on 
bromination, the following reaction occurs 

(CHz)sSnCH=CHSn(CH3)8 + 4Brz = 2(CH~)zSnBrz + 2CH3Br + 2C2H2Brz (111) 
Action of Sodium on Di-trimethyl Stannyl Ethylene in Liquid Ammonia.-To gain 

some further knowledge as to the constitution of the above compound, it was introduced 

For these determinations we are indebted to Mr. E. Alison Flood of this Labora- 
tory. 
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into a reaction tube and treated with metallic sodium in liquid ammonia. As reaction 
proceeded, gas was evolved, the solution acquired a yellow color and a fine granular 
precipitate was formed. This precipitate was doubtless sodium amide. The evolved 
gas proved to be methane. On adding ammonium bromide to the reaction products in 
the tube, the precipitate disappeared and a gas was evolved which proved to be hydro- 
gen. After disappearance of the sodium amide, further addition of ammonium bromide 
resulted in the precipitation of an oily liquid which was highly volatile. The reactions 
appeared to be similar to those previously studied in the case of di-trimethyl stannyl 
methane.' 

Weighed samples of di-trimethyl stannyl ethylene in sealed bulbs were introduced 
into the reaction tube, in which they were then broken. The compound in question 
had previously been prepared in considerable quantity and was subjected to fractional 
distillation under a pressure of 17 mm., under which condition it boiled a t  85-86.5'. 
No sign of decomposition was observable. The product was analyzed for tin, the results 
of which analyses have already been given. The results of these reduction experiments 
are tabulated. 

REDUCTION OF DI-TRIMETHYL STANNYL ETHYLENE 
Mol. wt.  

Compound, g. Sodium, g. Gas evolved, cc. evolved gas 

2.5221 0.5979 133.4 16.1 
2.2803 .5979 136.6 17.7 

M. moles M. atoms Atoms sodium per Mole of gas per 
compound sodium mole of compound mole of compound 

7.13 26.00 3.65 0 .84  
6.45 26.00 4.03 .95 

As may be seen from the table, approximately four atoms of sodium 
were required to reduce the compound completely. In  general, an ex- 
cess of metal was added, which excess was determined by titrating back 
with ammonium bromide. This method is not precise, as there is a tend- 
ency for particles of ammonium bromide to adhere in the colder por- 
tions of the reaction tube, which, in general, leads to values for the re- 
acted sodium that are too low. The evolved gas was passed through a 
concentrated solution of sodium in liquid ammonia to remove volatile 
tin compounds. Any loss in the tin compounds leads to low values for 
the amount of gas evolved. In the two experiments for which the data 
are given, the compound was dropped slowly into a concentrated solu- 
tion of sodium in liquid ammonia. Under these conditions, reaction 
takes place immediately and there is less chance for loss of the compound. 
The relative amount of gas obtained in these experiments was markedly 
higher than that obtained in earlier experiments, in which the metal was 
dropped into a solution of the compound in liquid ammonia. 

Samples of gas were analyzed by the explosion method. The results 
of three such analyses are given below. 

Assuming the gas to  be methane, the following reaction occurs on ex- 
plosion 

C H ~  + 202 = C02 + Hz0 (liquid;) 
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TABLE I1 
ANALYSIS OF EVOLVED GAS 

Cubic centimeters 

Vol. gas taken.. ............................. 20.4  13.8 24.3 
......................... Vol. oxygen added.. 61.4 75.0 67.2 

................................. Total vol.. 81.8 88.8 91 .5  
Vol. after explosion.. ........................ 41.0 62.4 42.8 
Contraction of vol. on explosion. .............. 40.8 26.4 48.6 
Vol. after absorbing C 9 .  .................... 21.0 49.2 18.8 
Vol. COZ absorbed.. ......................... 20.0 13.2 24.1 

The contraction on explosion, should be equal to twice the volume of 
methane and the contraction of volume, on absorption of carbon dioxide, 
should be equal to the original volume of methane. As may be seen, the 
results of analyses are in excellent agreement with the reaction equation 
for methane. There can be no doubt, therefore, that when di-trimethyl 
stannyl ethylene is reduced by means of sodium in liquid ammonia, one 
mole of methane is evolved per mole of compound. The reaction equa- 
tion may be written as follows 
(CHE)~S~CH=CHS~(CH~)J + 4Na + 2NHs = 

(CH&SnNa + CHa=CHSn(CHa)2Na + 2NaNH2 + CH4 (IV) 

Actually, the reaction takes place in two stages. First, the linkage 
between a trimethyl tin group and an ethylenic carbon atom is broken 
down according to the reaction equation 
(CHl)aSn=CHSn(CHs)3 + 2Na + NHs = (CH3)aSnNa + 

CHz=CHSn(CHs)s + NaNH2 (V) 

Trimethyl vinyl tin in turn is reduced by sodium, a methyl group being 
split off according to the equation 

CII2CH=Sn(CH3)3 + 2Na + NHI = CH2=CHSn(CHa)2Na + CHa + NaNH* (VI) 

Thus, as a net result of the reaction, there is obtained an equimolar mixture 
of sodium trimethyl tin and sodium dimethyl vinyl tin. 

Preparation of Trimethyl Vinyl Tin.-According to the above re- 
action equations, the liquid ammonia solution, on completion of the 
reaction, contains sodium trimethyl stannide and sodium dimethyl 
vinyl stannide. I t  is difficult to separate the trimethyl tin from the 
dimethyl vinyl derivative. The iinal product of the reaction, after evapo- 
ration of the ammonia, had a markedly different appearance from pure 
sodium trimethyl tin, The mixture seemed to be much more stable at  
ordinary temperatures and was of a bright yellow color. 

It was thought that some information might be gained as to the existence 
of the vinyl compound by treating the reaction mixture with methyl 
iodide, which would lead to the formation of tetramethyl tin and trimethyl 
vinyl tin. This reaction was accordingly carried out. Since both tetra- 
methyl tin and trimethyl vinyl tin are highly volatile compounds and 
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in order to avoid loss, alcohol was added to the reaction products in the 
reaction tube and then water. The reaction tube was then removed 
from the ammonia bath and water was added until the tube was nearly 
filled. The supernatant aqueous solution was siphoned off and the light 
oil in the bottom was washed several times with fresh water. The bottom 
of the reaction tube was then cut off, traces of water were removed with 
filter paper, the tube was suspended in liquid ammonia to freeze the last 
drops of water and, while it was still cold, the liquid was transferred to  
a second tube through a fine capillary. In this tube the liquid was washed 
several times with liquid ammonia in order to remove traces of water. 
The tube was then sealed and evacuated. The molecular weight of the 
vapors of this liquid was then determined by the vapor density method. 
In general, the temperature of the tube containing the liquid was kept 
at  least several degrees below room temperature. The pressure was 
read on a specially constructed closed-end manometer, the limbs of which 
had a diameter of 18 mm. The difference in level of the mercury columns 
was read by means of a cathetometer and the readings were reproducible 
within 0.05 mm. Appropriate corrections were applied for the tem- 
perature of the mercury, etc, 

In a first series of measurements, the density varied from 184.7 initially 
to 194.2 at  the end. There was a small amount of liquid left in the bottom 
of the tube at the end of these experiments which was much more difficultly 
volatile than the remainder. The more volatile constituents were accord- 
ingly condensed and a second series of density determinations was carried 
out. As may be seen from Table 111, the molecular weight of the vapor 
increased continuously from 181.1 to 190.9. The molecular weight of 
tetramethyl tin is 178.8 and that of trimethyl vinyl tin is 190.8. 

MEAN MOLECULAR WEIGHT OF VAPOR MIXTURES OF TETRAMETHYL TIN AND TRI- 
METHYL VINYL TIN 

Volume of density bulb = 345.7 cc. 
Vapor, g. Pressure, cm. Temp. of vapor, O C .  Mol. wt. 

0.1351 4.028 26.1 181.1 
.I298 3.862 25 9 181.3 
.I756 5.188 26.5 183.0 
.I895 5.599 26.8 183.1 
.I487 4.385 27.1 183.8 
.I295 3.805 27.0 184.3 
.I475 4.314 27.0 186.0 
.I372 3.988 27.4 186.1 
.I380 4.014 27.5 186.5 
.0873 2.488 28.4 190.9 

The determinations of molecular weights by the vapor density method 
show clearly that the material consisted of a mixture of two substances 
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whose molecular weights correspond closely to those of tetramethyl tin 
and trimethyl vinyl tin. Further work will be required in order to defi- 
nitely establish the existence of trimethyl vinyl tin. The results support 
the experiments previously described as indicating the formation of di- 
trimethyl stannyl ethylene when sodium trimethyl tin reacts with chloro- 
form. 

An attempt was made to prepare di-trimethyl stannyl ethylene by the 
action of sodium trimethyl tin on acetylene chloride. It was found that, 
while reaction took place readily, the tin derivative was all converted 
to  trimethyl tin. 

Action of Carbon Tetrachloride on Sodium Trimethyl Tin and Sodium 
Triethyl Tin.-Carbon tetrachloride reacts readily with sodium tri- 
methyl tin, the chief product of the reaction being trimethyl tin or 
hexamethyl stanno-ethane. The trimethyl tin separates as the reaction 
proceeds. A sample of the product gave a molecular weight of 319.5 
in benzene, which is in good agreement with 327.4, the molecular weight 
of the stanno-ethane. On analysis, it was shown that the compound 
contained 72.65% of tin, while that required for hexamethyl stanno- 
ethane is 72.48. B 

All the tin originally present in the reacting materials was recovered 
as stanno-ethane. In one experiment 0.155 cc. of carbon tetrachloride 
was allowed to react with sufficient sodium trimethyl tin to complete 
the reaction. The carbon tetrachloride used was equivalent to 0.2208 g. 
of chlorine. The chlorine was recovered in the form of silver chloride 
a t  the end of the reaction. The silver chloride weighed 0.8706 g., which 
is equivalent to 0.2154 g. of chlorine. This shows that the chlorine 
was completely removed from the carbon tetrachloride. What happens 
to  the carbon atom of the tetrachloride has not, as yet, been determined. 
It probably reacts with the solvent. 

Sodium triethyl tin reacts with carbon tetrachloride in the same way 
as does sodium trimethyl tin. The chief product of the reaction is hexa- 
ethyl stanno-ethane. The molecular weight (in benzene) of the product 
obtained was 413.1, as against 411.4 required for the stanno-ethane. 

Summary 

The reaction between chloroform and sodium trimethyl stannide in 
liquid ammonia has been investigated. A tertiary substitution product 
is not formed but there is produced a mixture of trimethyl tin and di- 
trimethyl stannyl ethylene. The latter compound is a liquid boiling a t  
194-195° and having a normal molecular weight in benzene. The halo- 
gens do not add readily to the ethylenic group. At higher temperatures 
bromine reacts with the formation of dimethyl tin dibromide. 

On reducing di-trimethyl stannyl ethylene with sodium in liquid ammonia 
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there is formed an equimolar mixture of sodium trimethyl stannide and 
sodiurn dimethyl vinyl stannide, along with methane and sodium amide. 
On adding methyl iodide to  this mixture there is produced a mixture of 
tetramethyl tin and trimethyl vinyl tin. Trimethyl vinyl tin has not 
as yet been obtained in the pure state. 

PROVIDENCE, RHODE ISLAND 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF KITASATO INSTITUTE] 

THE FRIEDEL AND CRAFTS REACTION WITH 
8-HYDROXYQUINOLINE 

BY KONOMU MATSZTMURA 
RECEIVED JULY 14, 1930 PUBLISHED NOVEMBER 5, 1930 

On adopting the method of Behn and Rosenmund,' the Friedel and Crafts 
reaction was found to be applicable to 8-hydroxyquinoline and this paper 
deals with the preparation of 5-acetyl-, 5-benzoyl- and 5-chloro-acetyl-8- 
hydroxyquinoline. That the acyl radicals which have been introduced 
occupied position 5 could be ascertained by converting these compounds 
into the known substances either by a Beckmann rearrangement of their 
oximes or by reduction, respectively. 

Experimental 
5-Acetyl-8-hydroxyquino1ine.--On introducing acetyl chloride (25 g.) into the 

solution of 8-hydroxyquinoline (43.5 g.) in nitrobenzene (400 g.), yeIlow precipitates 
separated. On the addition of aluminum chloride to it 100 g. at  a time under shaking, 
the precipitates disappeared and a clear solution resulted. I t  was kept a t  70° for twelve 
hours in a flask fitted with a calcium chloride tube. On cooling, some crushed ice and 
100 cc. of hydrochloric acid (10%) were added to it and the separated nitrobenzene was 
driven off with steam. On standing overnight, the separated hydrochloride of 5-acetyl- 
8-hydroxyquinoline was filtered. It was dissolved in water and on the addition of so- 
dium acetate to it, the free base separated out. I t  was recrystallized from hot water; 
yield, 25.5 g. (45% of the theoretical) after recrystallization. 

It forms in colorless hair-like needles from hot water, m, p. 112-112.5°, It is fairly 
easily soluble in the usual organic solvents, dilute mineral acid or alkali. It gives a green 
color with ferric chloride and a deep red color with diazotized sulfanilic acid and alkali. 

Anal. Subs., 5.043 mg.: C02, 13.029; Hz0, 2 111. Subs., 6.715: Na. 0.421 (15 ", 
769 mm.). Calcd. for CnHsOzN: C, 70.59; H, 4.81: N, 7.49. Found: C, 70.46; H, 
4.65; N, 7.42. 

Beckmann Rearrangement of its 0xime.-A mixture of the oxime (0.2 g.), glacial 
acetic acid (1.6 g.) and acetic anhydride (0.4 g.) was saturated with hydrogen chloride 
gas in the cold and was kept a t  100" for three hours in a sealed tube. On cooling, the 
contents were made alkaline with sodium carbonate and shaken with chloroform. On 
concentrating the solvent, colorless crystals were obtained; yield, 0.18 g. It formed in 
coIorless flat needles from chloroform, m. p. 216-217.5'. The mixed melting point with 
an authentic specimen of 5-acetamino-8-hydroxyquinoline (m. p. 217-218O) which had 

1 Behn, German Patent 95,901 (1897); Rosenmund and Schulz, Arch. Pharm., 
265, 308 (1927). 
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been prepared by acetylation of the 5-amino-8-hydroxyquinoliie of KostaneckiZ gave 
217-218". 

Anal. Subs., 2.681: N2, 0.324 (24.5", 761.8 mm.). Calcd. for CI~H~OOZNZ: N, 
13.86. Found: N, 13.50. 

Acid sulfate gave yellow stout needles from alcohol, m. p. 263O (decomp.). 
5-w-Chloro-acetyl-8-hydroxyquino1ine.-This compound was obtained in the same 

manner as that described for acetylhydroxyquinoline using chloro-acetyl chloride, ex- 
cept that the reaction temperature was kept a t  90-95" for seven hours and that the re- 
crystallization was effected by means of warm benzene; yield, 36% of the theoretical. 
It forms in colorless glistening needles from benzene, m. p. 158-159'. It is fairly easily 
soluble in the usual organic solvents, dilute mineral acid or caustic soda and moderately 
soluble in hot water. I t  gives a green color with ferric chloride and a deep red color with 
diazotized sulfanilic acid and alkali. 

Anal. Subs., 4.984: C02, 10.875; HzO, 1.676. Subs., 4.791: N 2 ,  0.270 (23.5", 
753 mm.). Calcd. for CllH802NCl: C,  59.59; H, 3.61; N, 6.32. Found: C, 59.51; 
H, 3.73; N, 6.24. 

Reduction of 5-Chloro-acetyl-8-hydroxyquinoliie.-A mixture of 0.15 g. of 5- 
chloro-acetyl-8-hydroxyquinoline, 1 g. of iron powder and 25 g. of alcohol (80%) with 
the addition of two drops of hydrochloric acid (10%) was refluxed for three hours. The 
reaction fluid, after filtration while hot, was evaporated to dryness. On the addition of 
hydrochloric acid (10%) and trituration, yellowish-white crystals separated out. It 
was filtered and dissolved in hot water. On addition of sodium acetate to it, colorless 
flocculent needles separated. These were recrystallized from hot water into colorless 
needles; m. p. 110-111"; yield, 0.05 g. The mixed melting point with 5-acetyl-8- 
hydroxyquinoline (m. p. 112-112.5 ") gave m. p. 110-112". 

Anal. Subs., 4.022: Nz, 0.269 (22.6'. 758.4 mm.). Calcd. for C11HoOzN: N, 7.49. 
Found: N, 7.48. 

5-Benzoyl-8-hydroxyquino1ine.-Benzoyl chloride (9 g.), 8-hydroxyquinoline 
(8.7 g.) and aluminum chloride (20 g.) were dissolved in nitrobenzene (80 g.) in the same 
manner that was described in the previous case. The solution was kept a t  110-120' 
for seven and one-half hours. On cooling, after the addition of ice and hydrochloric 
acid, the separated nitrobenzene was distilled with steam. Then the separated crystal- 
line mass was filtered, after standing overnight, and washed with hydrochloric acid (10%) 
until the filtrate became colorless. 

It was recrystallized from dilute hydrochloric acid and then the free base was iso- 
lated by means of sodium acetate; yield, 11.5 g. (77% of the theoretical). It forms in 
colorless needles from hot alcohol; m. p. 118-119". It is fairly easily soluble in the 
usual organic solvents or in dilute mineral acid, moderately soluble in hot water but 
difficultly in dilute caustic soda. I t  gives a green color with ferric chloride and a red 
color with diazotized sulfanilic acid and alkali. 

Anal. Subs., 5.181: COz, 14.691; H20, 1.967. Subs., 5.152: Nz, 0.261 (21°, 
757.7 mm.). Calcd. for Cl&Il102N: C, 77.11; H. 4.42; N, 5.62. Found: C, 77.33; 
H, 4.22; N, 5.73. 

Beckmaw Rearrangement of its 0xime.-Two-tenths gram of the oxime was 
treated in exactly the same manner as that described for the rearrangement of the 
oxime of 5-acetyl-8-hydroxyquinoline; yield. 0.2 g. It forms in yellowish-white small 
plates from chloroform; m. p. 237-238'. The mixed melting point with an authentic 
specimen of 5-benzoylamino-8-hydroxyquinoline (m. p. 237-238') which had been pre- 

Kostanecki, Ber., 24, 152 (1891). 
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TABLE I 
DERNATIVES OF 5-AcETYL-8-HYDROXYQWINOLINE 

Derivative M. p., OC. Properties 

Hydrochloride 28P28.5 (dec.) Yellow cols. from dil. HCI. Hydrolyzes in 
water 

Acid sulfate 248 (dec.) Yellow needles from alc. Easily sol. in water 
Picrate 188-189 Yellow needles from hot water 
Chloroplatinate 275 (dec.) Yellow needles from did. HC1 
Methyl iodide 210 (dec.) Yellow needles from hot water. Fairly sol. in 

alcohol or water 
Oxime 193 Colorless needles from ale. Fairly sol. in 

usual organic solvents 

Analyses, Ojo 
Formula Calcd. Found Calcd. Found 

CllHsOpN.HCI.3H20 KC1 16.33 16.28 Hz0 19.46 19.41 
CllHsOeN.HzSO~ Ha01  34.39 34.48 

TABLE I1 
DERIVATIVES OF 5-CHLORO-ACETYL-8-WDROXYQUINOLINE 

Derivative Properties 

Hydrochloride Yellow needles from dil. HCl. Hydrolyzes completely in water 
Acid sulfate Yellow plates from dil. H2SO.. Hydrolyzes in water 
Picrate Yellow needles from alcohol 
Chloroplatinate Yellow prisms from dil. HC1 

Analyses, OJo 
M. p., O C .  Formula Calcd. Found 

287 (dec.) CllHsO&CI.HC1 HCl 14.15 14.24 
263 (dec.) Cl1H~OsNC1.H2SO4 &SO, 30.67 30.54 
179 Cl1Hs%NCl.QHsO7Ns N 12.43 12.35 
275 (dec.) (CllHsO~NC1.HC1)2PtC P t  22.88 22.71 

DERIVATIVES OF 5-BENZOYL-8-HYDROXYQUINOLINE 
Derivative Properties 

Hydrochloride Yellow needles from dii. HCl. Hydrolyzes in water 
Acid sulfate Yellow needles from ale. Hydrolyzes in water 
Picrate Yellow needles from alcohol 
Methyl iodide Garnet-colored prisms from hot water. Fairly sol. in hot water 
Oxime Colorless tables from dil. alc. Easily sol. in usual organic solvents 

Analyses, % 
M. p., OC. Formula Calcd. Found 

252-260 Ci6-IiiOzN.HCI HC1 12.78 12.72 
219-220 CisHiiOzN.HzS0~ HzS.04 28.21 28.38 
143-145 CiBHi102N.CeHa07N~ N 11.72 11.63 
199.5 (dee.) C ~ ~ ~ I O Z N . C H ~ I  I 32.48 32.33 
147-148 CidHl~aONs N 10.61 10.41 
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pared by benzoylation of 5-amino-8-hydroxyquinoline showed no depression. More- 
over, by hydrolysis with hydroch10ric acid (20%) the formation of benzoic acid could be 
ascertained by the mixed melting point method. 

Anal. Subs., 3.066: Nz, 0.290 (24", 766 mm.). Calcd. for Cl&Xl2OaN~: N, 10.61. 
Found: N, 10.63. 

Acid sulfate gave yellow columns from alcohol; m. p. 221-222' (decomp.). 
8-Benzoyloxyquino1ine.-The benzoylation of 8-hydroxyquinoline with benzoyl 

chloride was carried out in the presence of pyridine in the cold; yield, 90% of the theo- 
retical after recrystallization. I t  forms in colorless tables from alcohol; m. p. 122-122.5". 

This compound was prepared first by Bedall by the interaction of 8-hydroxyquino- 
line and benzoyl chloride a t  a high temperature; he found a melting point of 118-120' 
for his product.' 

Anal. Calcd. for ClaHllOzN: N, 5.62. Found: N, 5.54. 
The hydrochloride was obtained by treating an ice cold ethereal solution of the 

free base with dry hydrogen chloride gas. It forms in colorless needles; m. p. 124O. I t  
is easily soluble in water. 

Anal. Ca!cd. for ClsH1102N.HC1: HCl, 12.78. Found: HC1, 12.54. 
On submitting this hydrochloride to a Friedel and Crafts reaction, benzoic acid and 

8-hydroxyquinoline could be recovered and no condensation product could be isolated. 

I hereby desire to express my hearty thanks to Professor Hata for the 
interest which he has kindly taken in this work and to Mr. C. Sone for his 
assistance in this investigation. 

Summary 
The preparation of 5-acetyl-, 5-chloro-acetyl- and 5-benzoyl-8-hydroxy- 

quinoline has been reported. 
TOKYO, JAPAN 

THE DETERMINATION OF THE STRENGTH OF WEAK BASES 
AND PSEUDO BASES IN GLACIAL ACETIC ACID SOLUTIONS1 

BY J. B. CONANT AND T. H. WERNER 

RECEIVED JULY 17, 1930 PUBLISHED NOVEMBER 6, 1930 

Previous papers of this series have shown that the titration of bases with 
strong acids in glacial acetic acid solution may be followed by means of the 
chloranil electrode. We have been interested in extending this study of 
weak bases to weak pseudo-bases of the type of triphenyl carbinol. It is 
only by the use of a solvent such as glacial acetic acid that these weak 
pseudo-bases can be studied and the oxidation-reduction systems composed 
of free radicals and halochromic salts can be investigated. Before con- 
tinuing the study of these more strictly organic problems, it was necessary 

Bedall and Fischer, Ber., 14, 1367 (1881). 
1 Thii is Paper 4 in a series on Superacid Solutions. For earlier papers of this 

series, see THIS JOURNAL. 49,3047,3062 (1927); and 50,2367 (1928). 
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to obtain more information in regard to the factors influencing the dissocia- 
tion constants of weak bases in glacial acetic acid. From the earlier work 
it was clear that the neutral salt concentration was an important factor. 
For example, the shape of the titration curves obtained by Hall and Werner2 

clearly pointed to a marked effect of the changing ionic strength on the 
strength of the base being titrated. 

We shall first present in this paper certain results obtained in a study of 
the effect of the ionic strength on dissociation constants of weak bases in 
glacial acetic acid solution. The results were obtained by two different 
methods. One was the electrochemical method using the chloranil elee- 
trode in exactly the manner previously described. The other method was to 
take advantage of the color changes which take place when crystal violet 
is further neutralized by the addition of strong acids. These changes have 
been studied in detail in water solution by Adams and Ro~enstein.~ Since 
the results obtained by the e. m. f .  method with colorless bases, and by a 
spectrophotometric method with crystal violet, are closely related, they 
will be discussed together. 

The results obtained with crystal violet may be considered first. Adams 
and Rosenstein have proved that the change of color of this substance from 
violet through blue and green to yellow on adding strong acid, is due to the 
formation of the green and yellow ions which correspond to the addition 
of one and two protons, respectively, to the violet ion, according to the 
equations 

B +  ;t H+, BHf+ 
vlolet green 

(1) 

BH++ + Hi + BHa+++ 
green yellow 

(2) 

One is thus in a position to evaluate the equilibrium constants for the first 
and second reactions written above (K: and Kt) from spectrophotometric 
data. Actually, the values of K; are subject to a much greater experimental 
error and the agreement among them we found to be unsatisfactory, and 
the change of this constant with change in ionic strength was irregular, for 
reasons which are not entirely clear. For these reasons we shall attempt to 
interpret only the changes of K: with change of ionic strength, giving only 
an approximate value for K;. 

Briefly, the method consisted in measuring the extinction coefficients 
of solutions of crystal violet in buffer solutions of definite ionic strength 
and measured PH(~*'). The concentration of dye was so small (4 X 10" to 
2 X molar) that its contribution to the ionic strength could be neg- 
lected. The extinction coefficient was measured at intervals of 10 mp 
from 470 to 680. From the curves thus obtained with soIutions which 

2 Hall and Werner, THIS JOURNAL, 50, 2367 (1928). 
a Adams and Rosenstein, ibid.,  36, 1452 (1914). 
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varied from violet (PH("~') + 4.75) to yellow (-3.96) through blue and 
green, it is possible to obtain by a process of trial and error the fundamentals 
corresponding to the extinction coefficients of the violet, the green and the 
yellow forms (B+, BH++ and BHsf *+). As a first approximation, the 
molecular extinction coefficients of crystal violet in 3 molar pyridine in 

glacial acetic acid (PH(*~") + 
4.75) were used for the funda- 
mentals of the violet form and 
those for the yellow were taken 

EC from a 0.05 molar perchloric 
acid solution in glacial acetic 
acid. Beyond 540 mp the 

,. 60 absorption due to the yellow 
I 
2 species, even if present in large 
X amounts, is practically negli- 

w. 
40 gible. Therefore by studying 

a green solution (by using the 
appropriate buffer) it is possi- 
ble to obtain a rough approxi- 

20 mation of the green funda- 
mental from the assumed violet 
fundamental. Finally, the 
three fundamentals were ad- 

450 Wave ''' length '% in pp. 600 "' 700 justed by a trial and error 

Fig. 1.-Typical absorption curves for crystal method so that the absorption 
violet in acetic acid buffers. Solid lines are ex- obtained with all the 
perimental curves. Crosses indicate points calcu- fifty solutions yielded satisfac- 
lated on assumption of following csmpositions: tory agreement on the assump- 

Curve % Violet P/o Green % Yellow 
C 82 8 10 tion of a certain composition 
S 20 43 37 
T 1 25 74 for each solution. Three typi- 

cal curves are shown in Fig. 1 
and the fundamentals finally chosen are given in Table I. It may be 
noted that the equation for the extinction coefficient of a particular solu- 
tion at a particular wave length is 

Vh + G ~ G  + Yev = s 

where ev, EG and ey are the fundamentals and V, G and Y the fraction of 
the material present in the violet, green and yellow forms. Since there 
was no evidence of a colorless form, the sum of those fractions was taken as 
one. The fading, noted by Adams and Rosenstein, which was due to hy- 
drolysis, was not evident in our work because the amount of water present 
was negligible. The algebraic solution of the above equation is impossible 
but satisfactory results may be obtained by the laborious trial and error 
method just described. 
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Expressed logarithmically, the mass law equations for the two equilibria 
are 

PK: = PH(HAo) - (log V - log G) (la) 
PK: -. PE(**~) - (log G - log Y )  ( 2 4  

The data obtained in the measurements of the pnfHAc) values are sum- 
marized in Table I1 and the results of the spectrophotometric measure- 
ments in Table 111. 

TABLE I 
MOLECULAR EXTINCTION COEFFICIENTS X lo-* 

Crystal 
Crystal violet violet in Fundamentals chosen for 

Wave in 0.05 M 3 M pyridine Violet Green Yellow 
length HClO4 in HAc in HAc form form form 

470 19.0 3.01 2.45 .. . 19.0 
490 12.4 8.16 9.40 ... 12.8 
510 6.15 20.7 25.0 2.0 6 .5  
520 4.20 31.9 35.0 5.0 4.2 
540 1.50 61.0 63.8 13 1.7 
560 0.42 77.0 76.6 26 0.5 
570 .18 82.7 83.0 36 .18 
590 .028 93.2 93.2 56 .028 
600 .005 81.3 74.0 69 .005 
605 . . . 68.2 58.0 80 . . . 
615 . . . 40.8 35.0 95 ... 
630 ... 13.8 16.2 112 . . .  
640 . . .  7.10 8.47 100 . . .  
660 . . . 3.20 4.02 50 ... 
680 ... 2.50 2.60 18 ... 

TABLE I1 
MEASUREMENTS OF BUFFERS 

(a) Urea-Sulfuric Acid Buffers 
Concn. of base, % Neutral Ionic strength, 9K' of 

Soln. mole/liter with acid P 45 base 

U1 0.05 6 0.00 0.003 0.055 -1.20 
U2 .20 6 + . 3 7  .012 .I10 -0.83 
U3 .05 32 - .54 .016 .I27 - .87 
U4 .20 14 + .20 .028 .I67 - .59 
U5 .05 75 -1.00 .0375 .I93 - .52 
U6 .20 32 -0.03 .064 .253 - .36 
U7 .20 50 - . 3 3  .I00 .316 - .33 
U8 .20 75 - . S O  .I50 .387 - .32 

(b) Urea-Perchloric Acid Buffers 

U12 0.00025 40 -0.51 0.0001 0.010 -0.69 
U13 .003 50 -1.25 .0015 .039 -1.25 
U14 .05 7.2 -0.32 .0036 .060 -1.43 
U15 .05 13 - . 5 8  .0065 .080 -1.41 
U16 .05 39 -.90 .0195 .I40 -1.09 
U17 .05 50 -1.12 .025 .I58 -1.12 
U18 .20 45 -0.52 .09 .300 -0.61 
U19 .30 50 - . 4 6  -15 ,387 - .46 



4440 J. B. CONANT AND T. H. WERNER Vol. 52 

TABLE 11 (Concluded) 
Concn. of base, OJo Neutral Ionic strength, pK' of 

Soh. mole/liter with acid ~r d z  base 
(c) AcetoximeSulfuric Acid Buffers 

SPECTROPHOTOMETRIC DATA AT 25O 
(a) Urea-Sulfuric Acid Buffers 

Concn. of 
crystal 

Color of Fraction of material as violet 
Soln. solution djl P H ( ~ " )  Violet Green Yellow X lOfl  ~ K I '  pK2' 

Blue-violet 
Blue 
Blue-violet 
Blue-green 
Green-blue 
Green 
Yellow-green 

Blue 
Light blue 
Yellow-green 
Green-blue 
Yellow-green 
Yellow-green 

Blue 
Green-blue 
Blue 
Green-blue 
Violet 

0.110 $0.37 0.755 0.22 0.025 
.I67 f .20 .440 .40 .16 
.055 .OO .72 .17 .11 
.253 - . 3  .17 .45 .38 
.I27 - .54 .I7 .45 .38 
.387 - .SO .004 .I32 .864 
.I93 -1.00 .015 .285 .70 

(b) Urea-Perchloric Acid Buffers 
0.060 -0.32 0.37 0.40 0.23 

,010 - .51 .20 .40 .40 
.300 - . 2  .02 .32 .66 
.080 - .58 .20 .465 ,335 
.I40 - .90 .025 .33 .645 
.I58 -1.12 .01 .25 .74 

(c) Acetoxime-Sulfuric Acid Buffers 
0.20 $0.61 0.59 0.26 0.15 

.44 + .42 .20 .43 -37 
. l o  + . 2 1  .63 .22 .15 
.283 - . O  .I3 .46 .41 
.01 - .25 .82 .08 .10 

Throughout this paper we have used the same arbitrary convention in 
regard to the placing of the PH(~* ' )  scale as that used in the previous papers 
of this series. The actual numerical values of the pK's are therefore given 
in terms of the zero point of that scale. The uncertainty in the reproduci- 
bility of the PH values is probably about *0.02. 

The data given in Table 111 are plotted in Fig. 2. The smooth curves 
correspond to equations relating pK' and z / G  developed from the funda- 
mental Debye-Hiickel Equation 3. 
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Taking the dielectric constant of the medium as 10 and the temperature as 
25', the values of A and B are found to be 11.15 and 0.921 X 10'. Sub- 
stituting we obtain Equation 4 

11.15 2% 6 - log y ;= 1 3- 0.921 X 108a gfi (4) 

Defining the term pK1 by Equation 5 and substituting the value of -log r 
from (4) with appropriate values for z (+1 for zl and +2 for z*), Equa- 
tion 6 results 

fiK1 = PK; - log I! 
w (5) 

The denominator of the fraction in Equation 6 may be taken as unity for 
small values of &. The resulting equation defhes the limiting slope for 
the change of PK: in dilute -1.8 
solutions; this is shown by - 1.6 
line E, Fig. 2. For pur- 
poses of comparison, the ; - 
corresponding slope in aque- - 1.2 

ous solutions is shown by -1.0 
line A. Applying the limit- -0.8 
ing equation to the values 
for PK; obtained in the -0.6 

more dilute solution we esti- - 2 -0.4 
mate pKl as - 1.7. Substi- Q -0.2 
tuting this value in Equa- 
tion 6, and taking "a" as 
1.3 X an equation 3-0.2 
corresponding to Curve B +0.4 
results. - Curves C and D +o.s 
were obtained by choosing 
values of "a" of 1.24 and +0.8 

1.16 X In deriving 
0 0.1 0.2 0.3 0.4 0.5 Equation 4 the value of the di. 

'Onstant for Fig. 2.-Change of #Kt1 for crystal violet with 
acid at 250 was taken as lo ; change in ionic strength. A, Theoretical slope for very 
the recent measurements of dilute water solutions; E, theoretical slope for very 
Smyth4 indicate that the dilute solutions in glacial acetic acid; B, 0, in acet- 
correct value is more nearly oxime-sulfwic acid buffers; C, X, in urea-sulfuric 

6 for 100yo acetic acid. acid buffers; D, *, in urea-perchloric acid buffers. 

However, since the effect of the presence of salts and a small amount of 
water (the acetic acid employed in this work melted at  16.4' and contained 

4 Smyth, THIS JOURNAL, 52,1825 (1930). 
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about 0.2% of water) is uncertain, we have not thought it worth while to 
carry through another set of calculations using the dielectric constant of 6. 
The smaller value would merely give a steeper limiting slope and a differ- 
ent value of "a" (essentially an arbitrary constant) would be required in 
fitting the equation to the experimental points. 

The tremendous effect of change of ionic strength on the value PK; 
for crystal violet is evident from Fig. 2. This effect is particularly large in 

this case, of course, because 
of the fact that the reaction 
involves the addition of a 
proton to a singly charged 
positive ion with the forma- 
tion of the doubly charged 
positive ion. The limiting 
slope of the Debye theory 
corresponds to a change of 
more than 2 PH units for an 
increase of from 0 to 
0.05. This is about twenty 
times the corresponding ef- 
fect in water, due to the ex- 
tremely low dielectric con- 
stant of glacial acetic acid. 
  ow ever, as a matter of 
ac tua l  fact ,  t h e  experi- 

, , I , , I , , ,  mental points show a de- 
0 0.1 0.2 - 0.3 0.4 0.5 parture from the theoretical 

dt~. limiting slope long before 
Fig. 3.-Change of &Kt for urea and acetoxime with this value is reached, and 

change in ionic strength. A, Theoretical slope for very 
dilute water solutions; E, theoretical slope for very the total change of PK; from 
dilute solutions in glacial acetic acid; B, 0, e, urea- the limiting value a t  P = 0 
perchloric acid; C, X @, urea-sulfuric acid; D, A, to dr = 0.5 is about 2.6 
acetoxime-sulfuric acid; 0, effect of neutral salt (tri- PH units. 
methylammonium &-toluene sulfonate) on pK' of ~ h ,  results shown in ~ i ~ .  
urea half neutralized with H~SOI; urea-perchloric 
acid points from data by Hall and Werner. 3, which represent the effect 

of changing ionic strength 
on the values of pK' for urea and acetoxime, reveal a situation similar 
to  that discussed in the preceding paragraph, except that the limiting 
slope is here only one-third of that found in the case of crystal violet 
since the reaction involves the formation of a singly charged ion from a 
neutral molecule. Neither these results nor those obtained with crystal 
violet are sufficiently accurate to give a very significant extrapolated value 
for pK1 since it is very difficult to obtain measurements in solutions of low 
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ionic strength. In fact, the first value in Section b of Table I1 has been 
omitted from Fig, 3 since it is clearly out of line with the other results, pre- 
sumably because of the difficulties of measuring significant e. m. f.'s with 
very dilute solutions. In the case of the crystal violet measurements, which 
were made spectrophotometrically, the solution may be very dilute with 
respect to the base, but one is dependent on electrical measurements for 
the P H ( ~ * ~ )  values of the buffer solutions which must, therefore, be rela- 
tively concentrated. 

Three different sets of data were used in plotting Fig. 3, as indicated by 
the symbols. The measurements of the P H ( ~ ~ ~ )  values of the buffers 
employed for the crystal violet work comprised one set; these data are 
given in Table 11. Another set of facts was obtained by adding meas- 
ured increments of a molar solution of (CH3)3NHS03CaH4CH3(P) in 
glacial acetic acid to a 0.05 molar solution of urea in the same solvent half 
neutralized with sulfuric acid. The ionic strength was calculated as the 
sum of that contributed by the urea salt and the added neutral salt. The 
P H ( ~ ~ ' )  was measured in the usual way and since the urea was half neutral- 
ized these numbers corresponded directly to the pK'. The third set of 
values was calculated from the titration of urea with perchloric acid given 
by Hall and Werner.2 The value of pK for urea was taken as - 1.8 by 
extrapolation by means of the limiting law Debye equation (Curve E). 
Curves B and C were drawn from the application of Equations 4 and 5 
(zl = 0, zz = f l )  and "a" being taken as 0.65 X lo-', and 0.4 X lob7, 
respectively; the equations for Curves B and C were thus 

and 

Curve D for acetoxime was the same as Curve B, the extrapolated value 
for pK being taken as -0.6. 
It is evident from the data summarized in Figs. 2 and 3 that in the more 

concentrated solutions there are specific effects depending on the nature 
of the neutral salt. These effects are larger than the corresponding effects 
in water because of the low dielectric constant of acetic acid. The agree- 
ment between the urea-perchloric acid points from the data of Hall and 
Werner and from Table I1 is gratifying as showing the reproducibility of 
our methods. It is clear that both the nature of the cation and anion of 
the neutral salt are important (divergence of the points on Curves C and D, 
Fig. 1, and B and C, Fig. 2). The application of these facts to the use of 
indicators in glacial acetic acid is evident and until the very large "salt 
effect" with each compound is carefully plotted, conclusions drawn from 
the use of indicators are only very approximate. 

We have been particularly concerned in reducing to a practical working 
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basis our knowledge of strong acids and weak bases in glacial acetic acid 
with the idea of constructing buffer solutions. The information which we 
have now obtained from the study of crystal violet, urea and acetoxime, 
shows clearly the great importance of the ionic strength. In comparing a 
series of results in buffer solutions, the ionic strength must be constant. 
If possible, the same neutral salt should be used in every case but even if 
this is not possible it is better to make all the solutions of the same ionic 

Fig. $.-Titration curves of bases with sulfuric acid 
at ionic strength of 0.2 (trimethyl ammonium #-toluene 
sulfonate) plotted on a "Logistic Grid." C, Triphenyl 
carbinol; I, dianisylcarbinol; J, dianisalacetone; P, 
acetanilide; H, diphenylanisylcarbinol; M, urea; T, 
acetoxime; S, o-chloro-aniline; Y, phenylxanthanol. 

strength than to neglect this factor. Variations as great as a PH unit 
might perhaps be caused by a difference in the nature of the neutral salt, 
although most of the effects recorded in this paper are only of the order of a 
few tenths of a PH unit. 

If the ionic strength is kept constant by employing a relatively large 
amount of a neutral salt, satisfactory values of pK' can be obtained in a 
series of experiments. This is illustrated by the results summarized in 
Table IV for crystal violet in solutions of p = 0.20. The titration curves 
of nine bases (including three pseudo bases discussed below) obtained in 
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solutions of p = 0.20 are plotted in Fig. 4. Since the ionic strength due to  
the neutral salt (trimethylammonium $-toluene sulfonate) is here large 
compared to the concentration of base (0.05 molar), the increase of ionic 
strength during the titration is negligible. For this reason the points lie 
much closer to the theoretical curve than was the case in the investigation 
by Hall and Werner where no neutral salt was employed. The neutral salt 
employed in the experiments recorded in Table IV was triethylammonium 
perchlorate. The values of PK' for urea given in Col. 4 of Table IV vary 
only slightly more than the probable experimental error; the average value 
- 0.35 (41 = 0.446) is to be compared with the values of - 0.42 and +O. Z 
obtained at  the same ionic strength but with the ionic strength contributed 
by urea perchlorate and trimethylammonium $-toluene sulfonate, respec- 
tively (Fig. 3). The specific effect of the different neutral salts is evident. 

CONSTANTS FOR CRYSTAL VIOLET OBTAINED WITH BUFFER SOLUTIONS OF CONSTANT 
IONIC STRENGTH 

Temp., 25.0°; p, 0.200; urea-sulfuric acid mixture (concn. of urea + urea ion = 
0.05 molar) with the addition of triethyl ammonium perchlorate. 

Cc. of 
0.3 M 

neutral salt 
Base in SO cc. of 

neut., % buffer PH(~*' )  

Concn. of 
crystal 
violet, 
moles 

pK' per liter Fraction of material as 
of urea X 106 Violet Green Yellow 

. . . .  3.92 0.0012 0.105 0.894 
- 0.26 3.92 .007 ,220 .773 
- .31 3.92 .034 .362 .604 
- .37 3.85 .06 .41 .53 
- . 4 0  3.77 .08 .44 .48 
- .37 1.96 .23 .48 .29 
- .40 1.96 .46 .36 .18 
. . .  1.96 .88 .11 .009 

As mentioned earlier in this article, the determination of PK: for crystal 
violet was not satisfactory. The results have already been given in Tables 
I11 and IV. If one plots p ~ i  against .\/; a rather irregular distribution of 
the points is obtained, the values being more negative in the more dilute 
solution, as would be expected. The range of values obtained a t  constant 
ionic strength is large and we are inclined to attribute the spread to experi- 
mental error in determining the percentage of yellow form with its very 
low extinction coefficient, although there is a regular trend in the data for 
which we have no explanation. 

In connection with the comparison of the dissociation constants of weak 
bases in water and in acetic acid, it is interesting to consider the results we 
have obtained with crystal violet and those of Adams and Rosenstein. The 
values of PK: and PK: in aqueous solution are given by these authors as 
+ 1.94 and + 1.15, and we may assume that these are also the values for 
pK1 and $Kz in water. Our extrapolated values are - 1.7 and approxi- 
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mately - 1.4, although the latter value can hardly be considered of much 
significance due to the difficulties connected with the measurement of 
K .  Adams and Rosenstein's value for PKI is more positive by about 3.6 
units than our value. Taking the value of pK for urea as - 1.8 and com- 
paring it with the value in water of about 0, we note that the latter is more 
positive by about two units. The contrast between water and acetic acid 
is less with urea than with crystal violet for the reason pointed out by 
Br~ns ted ,~  namely, that we are dealing with the reaction B -+ BH+ instead 
of B + -+ BH+f. Any attempt to make correct adjustment between the 
PH scale in water and acetic acid (if indeed an accurate adjustment is really 
conceivable),6 will obviously have to wait until more data can be accumu- 
lated which will enable the value of the pK' for different acids and bases 
in both solvents to be extrapolated to infinitely dilute solution. For prac- 
tical purposes in the immediate future, we shall continue to use the scale as 
originally defined, realizing its empirical nature but believing that the 
position of the zero expresses the qualitative difference between the be- 
havior of solutions of strong acids in water and glacial acetic acid. 

Pseudo Bases.-Four of the bases whose titration curves are plotted 
in Fig. 4 are pseudo bases which react according to the following equation: 

B+ f HIOSBOH + H+ 

These are triphenylcarbinol (C), dianisyl carbinol (I), diphenylanisyl- 
carbinol (H), and phenylxanthanol (Y). It is clear that the titration 
method in glacial acetic acid provides for the first time a method of ob- 
taining really significant values for the basic strength of these very weak 
pseudo bases. In order to be able to formulate the neutralization of these 
compounds in the same general scheme as that used for the other bases, 
we will consider the positive ion in the presence of water as an acid and write 
the equation 

[*OH' + log (activity of the H20) pK' = PH - log - 
[B +I (9) 

Because the compound BOH is a pseudo base, water is necessary for Bf to 
be an acid. The strength of B+ as an acid thus depends on the activity of 
the water in the solvent. When considering pseudo bases in solutions 
containing large quantities of water, the activity of the water may be taken 
as constant; Equation 9 then reduces to the usual form. 

In this manner Kolthoff7 and Lunds formulated their interesting results 
obtained with acetone-water solutions of the polyrnethoxytriphenyl car- 
binols. The apparent pK' of a pseudo base measured in acetic acid is a 
function of the activity of the water according to Equation 10. 

6 Bronsted, Chem. Reviews. 5,295 (1928). 
Cf. Guggenheim, J .  Phys. Chem., 33,842 (1929). 

7 Kolthoff, THIS JOURNAL, 49, 1218 (1927). 
Lund, iM.. 49,1346 (1927). 
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App. value of PK' L= PIC' - log Aaa, = PIdHA3 - log - lBoH1 (10) IBf I 
The glacial acetic acid used in the experiments reported in Fig. 4 melted 

a t  16.6' and probably contained an amount of water less than that pro- 
duced by the neutralization of the pseudo-base.g The #K' measurements 
corresponded to half neutralization of a 0.05 molar solution of the pseudo 
base so that the total water concentration may be taken as approximately 
0.025 (mole fraction, 0.0014). If we assume that in such dilute solutions the 
activity of the water is equal 
to its molar concentration, 
we may approximate the -1.5 

E 
values of pK' from the c 
measured values by sub- -Ie0 
tracting 1.6 units. D 

-0.5 
If the concentration of 

water in glacial acetic acid 0 
is increased, the measured -. 
value of PK' will become 2 +0.5 A 

B 

more negative according to " C 

4 D 

Equation 10. If this were $1.0 E 
P 

the only factor involved, the G 

PH(~*') value of an equimo- +1.5 

lecular mixture of BOH and I 
H G 

H 
Bf should become more 4-2.0 I 

negative with increasing 2 
water content. However, +2.51 I 

the addition of water to any I I 1 I I I 
0.060 0.113 0.160 0.202 0.240 

glacial acetic acid solution Mole fraction of HpO. 
of an acid makes the PH(**') Fig. 5.-Effect of water on bases half neutralized 
value more positive, Pre- with H2S01. Ionic strength, 0.2. A, Triphenylcar- 
sumably because of the for- binol; B, a-naphthyldiphenylcarbinol; C, acetani- 
rnation of the &OH+- ion in lide and also dianisal acetone; D, diphenylanisylcar- 

increasing quantities. T~~ binol; E, dianisylcarbinol; F, urea; G, acetoxime; 
H, phenylxanthanol; I, o-chloraniline; J, dinaphtho- 

effects are thus at xanthanol; K, trianisylcarbinol. 
work; in solutions of very 
negative PH(~*') values the second effect is so marked as to obscure the first 
entirely, while in a11 solutions it becomes the predominant factor after the 
mole fraction of water is about 0.060. The results shown graphically in 
Fig. 5 illustrate these conclusions. Solutions of a variety of bases (real and 
pseudo) were titrated with sulfuric acid to the midpoint and then a dilute 
solution of water added and the change of P H ( ~ * " )  values recorded. The 

9 Kendall and Gross, THIS JOURNAL, 43,1426 (1921); Webb, ibid., 48,2265 (1926) ; 
Smyth, ibid., 52, 1824 (1930); all give 16.6' as the melting point of pure acetic acid. 
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ionic strength was 0.2 (the neutral salt was (CH3)3NHS03C~H4CH3) and the 
initial concentration of the base 0.05 molar. -Four pseudo bases, diphenyl- 
anisyl carbinol, phenylxanthanol, dinaphthoxanthanol and trianisylcar- 
binol, show a decrease and then a rise of PH(~*') values with increasing water 
concentration. With the very weak pseudo bases, triphenylcarbinol, a- 

naphthyldiphenylcarbinol and dianisylcarbinol, the effect cannot be de- 
tected since the decrease of proton activity due to the increased water 
content predominates from the start. All the real bases show a progres- 
sive increase in P H ' ~ ~ ' )  values, as would be expected. 

The apparent values of pK' for the pseudo bases we have examined are 
given in Table V. These values are for 23 + lo ,  0.05 molar solution of the 
base titrated with sulfuric acid, ionic strength, 0.2 and glacial acetic acid of 
m. p. 16.6'. The measure of the basicity by these numbers is independent 
of any assumptions about color and ionization. In order to evaluate pK, 
it  will be necessary to take into account both the change of pK1 with ionic 
strength and the activity of water in acetic acid. In the case of the stronger 
bases a further complication results from the fact that the weak second 
hydrogen of sulfuric acid may be involved; this tends to make the values of 
#K' too negat i~e.~ A sulfonic acid would be preferable for titrations of 
these strong pseudo bases. Further work along these lines is in progress 
in this Laboratory and the present results must be considered as prelimi- 
nary. For this reason a discussion of the interesting relationships between 
structure and pK values will be postponed. I t  may be noted, however, 
tha t  our value for trianisylcarbinol (4,4',4"-trimethoxycarbinol) is +2.6, 
while the value found by Lund in 50% acetone and water is -0.77. As- 
suming that the apparent @K' value changes with ionic strength in the same 
way as with urea (-2 units p = 0.2 to p = 0) and that the comparison 
between water and glacial acetic acid is also the same ( # K ( ~ " )  - PK(~* ' )  
= +2.0), it is clear that the two effects cancel. The difference between our 
value of +2.7 and Lund's -0.77 (a total of 3.5 units) should be a measure 
of the difference in activity of the water in a 0.025 molar concentration in 
glacial acetic acid and in 50% aqueous acetone. No data appear to be 

TABLE V 

SUMMARY OF APPARENT PK' VALUES OF CERTAIN PSEUDO BASES AT 25' IN GLACIAL 

ACETIC ACID, M. P. 16.6'. BASES IN 0.05 MOLAR SOLUTION TITRATED WITH SULFURIC 

ACID p = 0.2 WITH (CHa)3NHS03C6H4CH8(p) 
Name Formula Apparent pK' 

Triphenylcarbinol (C6H6)aCOH -1.47 
or-Naphthyldiphenylcarbinol (CIOH,) (CsH6)2COH - 1.25 
Dianisylcarbinol (CfiH4OCHa)2HCOH - 1.14 
Diphenylanisylcarbinol (C~HF,)~(C~H~OCH~)COH - 0.59 
Phenylxanthanol (CsH4)zO(CfiHa)COH +1.91 
Dinaphthoxanthanol (CIOH~)~OCHOH +2.40 
Trianisylcarbinol (CBH~OCHS)~COH +2.56 
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available to check this but the direction of the effect is correct and the order 
of magnitude seems reasonable. 

Experimental 
(a) Materials.-The acetic acid was purified by repeated freezing of redistilled 

commercial synthetic acetic acid. The melting point was 16.4' except in the work with 
the pseudo bases when material of m. p. 16.6' was employed. Anhydrous perchloric 
acid was prepared from 60% aqueous acid and acetic anhydride as previously described. 
The solution of sulfuric acid in glacial acetic 
acid was prepared from 99.9y0 sulfuric acid. It 
was standardized by electrometric titration in 
glacial acetic acid with sodium acetate. The 
crystal violet employed was Dr. Gr~ibler's 
"Hijchst" brand. Its absorption spectrum 
was determined in aqueous solution and was 
found to be identical with that given by Adams 
and Rosenstein within our experimental error. 

All the organic substances used in this work 
except the "neutral salts" are familiar com- 
pounds easily purified and characterized by 
their melting points; no description of them is 
therefore required. The neutral salts were 
prepared by passing the amine into a water 
solution of the acid, evaporating to dryness in 
vacuum and drying over phosphorus pentox- 
ide. Both substances were collarless crystalline 
solids. 

(b) Apparatus.-The spectrophotometer 
employed was a Keuffel and Esser color ana- 
lyzer. Its adjustment was tested by means of 
a blue and yellow glass whose extinction coeffi- 
cients over a wide range had been determined 
by the Bureau of Standards. The solution was 
placed in a 10-cm. glass cell with fused glass 
ends; a cell of the same length containing acetic 
acid was placed in the comparison beam. The 
temperature was kept a t  25 * 0.3'. Three 
readings were taken a t  each wave length and 
averaged. 

The electrometric measurements were 
made with a cell similar to that previously used 
but so constructed that only 10 cc. instead of 

J 

Fig. 6.-Cell for titrations in glacial 
acetic acid using chloranil electrode. 
S, Saturated calomel electrode; K, 
saturated KC1 in water; L, LiCl in 
acetic acid; N, 10 cc. of solution to be 
measured; P, platinum electrode; C, 
connections to electrometer and poten- 
tiometer. 

50 cc. could be employed. It is shown in Fig. 6; a micro-buret was used in the titra- 
tions. The temperature was 23 1 ". The pdHAn) values were obtained from the 
measured e. m. f.  (E) by the equation previously employed. 

Summary 
1. A spectrophotometric study has been made of the acid-base equilib- 

ria in solutions of crystal violet in buffered glacial acetic acid solutions. 
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2. An electrometric study of a number of weak bases and pseudo bases 
in glacial acetic acid has revealed the large effect of changing ionic strength 
which was also noted in the spectrophotometric study. 

3. The effect of added water on the apparent constants of a number of 
weak pseudo bases has been investigated and a method outlined for ob- 
taining significant values for the relative basicity of the "halochromic" 
carbinols. 

C A ~ R I D G E ,  MASSACHUSETTS 

V. THE CONDENSATION OF HYDROCARBONS BY ELECTRICAL 
DISCHARGE. 

COMPARISON WITH CONDENSATION BY ALPHA RAYS1 
BY S. C. LIND~ AND GEORGE GL0CKL&R3 

RECEIVED JULY 18, 1930 PUBLISHED NOVE~ABEX 5, 1930 

In a former paper4 it has been shown that the condensation of ethane 
by electrical discharge in an ozonizer is in many ways similar to the 
same reaction when produced by the ionization due to the alpha particles 
from r a d ~ n . ~  The experiments have now been extended to the gases 
methane, propane, butane and ethylene. It has been found that there 
exists a simihrity in the condensations as produced by the ionization due to 
a-#articles and by electrical discharge in an ozonizer for all the gases studied. 
It is the object of the present paper to describe these experiments and to 
discuss certain experimentally determined ratios which support the state- 
ment made. The experiments on ethane have been repeated with the 
new apparatus and confirm the former study. They are included for the 
sake of completeness and for comparison. 

Experimental Procedure 
The apparatus used to study these condensations is shown in Fig. 1 and consists 

of an all-glass pyrex ozonizer, a Liebig condenser and a manometer. The system as a 
whole is of the circuit type and a slight circulation was probably attained by the thermal 
siphon principle since the ozonizer would naturally heat up (to about 40 O) during a run 
due to power losses and since the condenser kept the other leg of the system cold, by 

1 This paper includes part of an investigation on "The Effect of Electrical Discharge 
upon Gaseous Hydrocarbons," Project No. 8 of American Petroleum Research. Finan- 
cial assistance has been received from the research fund of the American Petroleum In- 
stitute, donated by the Universal Oil Products Company. This fund is administered 
by the Institute with the cooperation of the Central Petroleum Committee of the 
National Research Council. 

"Director of Project No. 8. 
a American Petroleum Institute Research Associate. 
S. C. Lind and George Glockler, Trans. Am. Electrochem. SOC., 52, 3746 (1927). 

6 S. C. Lind and D. C. Bardwell, Tms JOURNAL, 48,2335-2351 (1926). 
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having tap water (IS0) running through it. The pressme in the ozonizer changes 
on account of the changes of temperature due to the reaction. A correction of 12 mm. 
was applied a t  the maximum p m e ,  which was determined by noting the pressure 
drop in the butane readion that ocxurred when the reaction had been stopped near the 
maximum pressure when the system was allowed to cool to room temperature (Fig. 3). 
The drop in pressure a t  the end of the experiments due to cooling was noted to  be about 
10 mm. and these two corrections were applied 
to the curves shown in Fig. 2. The trap a t  the 
bottom of the ozonizer should catch any liquid i2J 
condensates and was also used in the first step 
of the fractional distillation of the gases resulting 
from the condensations. The ozonizer proper 
was placed into the circulating system by means 
of two ground seals (stopcock grease and mer- 
cury-seals) in such a manner that it could easily 
be removed for cleaning before each run. The 
electrical set-up consisted of a Thordarson Trans- 
former which would furnish about 18,000 volts 
to the ozonizer with 94 volts and 7.4 amperes in 
its primary. The electrical conditions were kept 
constant at these values during all the experi- 
ments. The first series of experiments consisted 
of runs of eight and one-half hours' duration. 
The pressure changes were observed during the 
whole period and after the conclusion of each 
experiment the remaining gases were analyzed 
for hydrogen, methane, ethane, propane, butane 
and pentane by fractional distillation, beginning 
at liquid-air temperatures. The hydrogen in the 
hydrogen-methane mixture was removed by dif- 
fusion through a palladium tube. The remaining 
methane was checked by combustion and a cor- 
rection applied for any ethane that might have 
been pumped off with the hydrogen-methane 
fraction. Ethane was distilled off a t  - 150°, pro- Fig. 1.-Apparatus. 
pane at -120' and butane at -90°. The re- 
maining gas was taken to be pentane. The liquid composition (empirical formula) could 
be determined from these gas analyses by constructing an "atomic balance sheet." It 
is possible to find the number of carbon and hydrogen atoms that must have gone into 
the liquid condensate from the amount of hydrocarbon used, its composition and the 

TABLE I 
GAS ANALYSIS OF THE HYDROCARBONS USED 

C H I  CzHe CaHs C4Hto CZHI 

... ... CH4 100.0 ... ... 
... GHI ... 98.0 0.5 ... 

C ~ H S  . . .  2.0 99.1 1.0 0 .3  
... c;Hlo . . .  0.4 97.2 1.4 

... ... CzH4 . . .  ... 98.5 
... ... CsHiz . . .  ... 1.8 - - - - - 

100.0 100.0 100.0 100.0 100.2 
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analyses of the resulting gases. The initial gases were obtained from commercial 
sources except methane, which was prepared from sodium acetate. They were reason- 
ably pure as-the following analysis (by fractionation) shows. 

These gases were distilled into the apparatus and any permanent gases 
were pumped off. The experimental results are shown in Table 11, which 

Gas used 

Initial volume, cc. 
Initial press., mm. 
Time of run, min. 
Reaction volume, cc. 
Final press., mm. 
Final Hz, cc. 
CH4 
CzHz 
CzH4 
e H 6  
CaHs 
C4Hio 
CIHI~ 
Final gases, cc. 

contains the average of at least two experiments carried out with each 
gas. It was always possible to obtain graphs of the "pressure-time rela- 

2 4 2 4 
Time, hours. Time, hours. 

Fig. 2.-Pressure changes during condensation in an ozonizer. 

tion" which checked very satisfactorily indeed, showing that the experi- 
ments are entirely reproducible. In Col. 4 of Table I1 the details of a 
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short run (eighty minutes) on butane are given, which was stopped a t  the 
maximum pressure attained during the longer (510-minute) run. This 
experiment was performed to find out whether or not unsaturates are 
formed during the reaction. This point wiIl be discussed later. The 
detailed runs are shown in Figs. 2 and 3. 

1.5 3.5 
Time, hours. 

Fig. 3.-Pressure changes during a short (80-minute) run with 
butane, showing temperature effect. 

Discussion of Results 

1. The Pressure Changes during Reaction.-It is seen that the 
saturated hydrocarbons all show the same general pressure change as the 
reaction proceeds in time. They all show a maximum pressure one to two 
hours after the beginning of the reaction. Especially remarkable is the 
decrease of pressure during the later stages of the reaction. The one un- 
saturated hydrocarbon tried (ethylene) shows a decrease in pressure to  
about one-third of the initial pressure. Since the object of the present re- 
search is a comparison of the alpha-ray condensations of the hydrocarbons 
with the same reactions produced by electrical discharge in an ozonizer, 
the data of Lind and Bardwe116 of the alpha-ray condensations have been 
recalculated and replotted so as to be easily comparable with the present 
material. 

In the case of the saturated hydrocarbons the a-ray experiments were 
6 Reference 5 and also THIS JOURNAL, 48, 1556 (1926). 
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carried out in stages in such a manner that a t  the end of each period hydro- 
gen and methane were pumped off. When the data are inspected it is seen 
that in the case of butane a slight increase in pressure is noticeable. In 
order to compare the pressure data with the present experiments, it was 
assumed that during each interval the pressure would have increased the 
same proportionate amount had the methane and hydrogen been present. 
This assumption may be a drastic one but the object is only to show that 
there is a slight increase in pressure during the alpha-ray condensations 
and this is immediately apparent from the data. The essential data are 
given in Table I11 and in Fig. 4. For comparison the pressure changes 
(final/initial press.) for the ozonizer condensations are given for the first 
ninety minutes of reaction. I t  should be noted that the abscissas for the 
radon reaction are "the time" where "ionization produced since the com- 
mencement of the reaction" should be taken in order to be comparable to 
the corresponding curves for the ozonizer reactions. Since in the ozonizer 
reactions it may be assumed that a constant current was flowing producing 
a definite ionization the total ionization may be taken proportional to the 
time. It was not thought necessary to reduce the alpha-ray reactions since 
this would merely result in a relative shortening of the abscissas. The 
only thing of interest was the general picture showing the relative pressure 

TABLE 111 
PRESSURE CHANGES IN THE RADON CONDENSATIONS OR THE SATURATED 

 HYDROCARBON^,^ FOR COMPARISON WITH THE OZONIZER REACTIONS 

Gas 1 - e-hf Time Pressure (Mm. Hg) P/Po 

CHI 0 0 ......... 730 1 .OOO 
0.144 17h ......... 729 0.999 

.290 1 d 21 h 729(641/640) 730 1 .OOO 

.490 3 d 1 6 h  730(610/609) 731 1.001 

.703 6 d 1 6 h  731 (570/568) 732 1.003 

CzH6 0 0 ......... 1266 1 .OOO 
0.038 3 .5h  ......... 1266 1 .OOO 

.I59 22h 1266(1244/1245) 1265 0.999 

.301 1 d 22 h 1265(1179/1175) 1269 1.003 

.415 2 d 2 2 h  1269(1089/1087) 1272 1.006 

CaHs 0 0 ......... 830 1.000 
0.134 17h ......... 830 1.000 

.278 1 d 19 h 830(794/787) 837 1.008 

.393 2 d 18 h 837(740/735) 845 1.018 

.577 4 d 18 h &45(703/691) 860 1.035 

.752 7 d 1 7 h  860(644/633) 875 1.053 

C4Hlo 0 0 ......... 826 1.000 
0.152 21.5h ......... 831 1.007 

.267 1 d 1 7 h  831 (725/717) 838 1.017 

.388 2 d 17 h 838(652/642) 858 1.038 

.489 3 d 17 h 858(591/577) 880 1.066 
,703 6 d 1 7 h  880(557/529) 928 1.125 
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changes in the case of the two types of condensation and it is seen that there 
is a comparable increase in pressure in these two modes of condensation. It 
is believed then that the curves of pressure increase as a function of time of 
reaction establish the first point of our thesis: that there i s  for She satu- 
mted Jzydrocarbons an analogy in their pressure changes during reaction when 
under the in8uence of the two activating agents. 

Time, days. Time, hours. 
Fig. 4.-Comparison pressure changes in the alpha ray and ozonizer con- 

densations for saturated hydrocarbons. 

In an entirely similar manner it has been found that the pressure de- 
creases during the condensation of the unsaturated ethylene both when 
reaction is brought about by the activation due to alpha rays and in elec- 
trical discharge in an ozonizer. Here the data of Lind, Bardwell and Perry6 

were rearranged as shown in Table IV and the comparison is made in Fig. 5 
with the data of the present experiments. In the case of the condensation 
of ethylene it is seen from Fig. 5 that the relation between (P/Po) and the 
total ionization is a straight line, shosng in a graphical way that the IW/N 
ratio is constant during the reaction. While the two curves show the same 
general trend (a decrease in pressure to about one-third the initial pressure), 
they are not of the same shape. This may mean a difference in the detailed 
mechanism of the two reactions and needs further investigation. For the 
present purpose only the most obvious features are to be considered. 

The main point is: both condensations of ethylene show a firessure de- 
crease to aboat m-third the initial pressure. 
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TABLE IV 

PRESSURE CHANGES IN THE RADON CONDENSATION OF ETHYLENE~ 
1 - e-Xt iP/760 a(l - e-xt) Ionization P / P o  

760 
Cz& Hz C H I  Total 

0 2.19 0 0 2.19 .... 1.000 
0.0386 X 2.05 0.0792 

0.0386 1.90 0.0062 0.0029 1.91 0.0792 0.882 
.0114X 1.86 .0212 

.0500 1.80 .0081 .0038 1.81 .I004 .850 
,0697 X 1.60 .I130 

.I197 1.35 .0196 .0092 1.38 .2134 .684 
.0217 X 1.32 .0287 

.I414 1.22 .0236 .0109 1.26 .2421 .640 
.026OX 1.20 .0312 

.I674 1.10 .0275 .0129 1.14 .2733 .600 
.0314 X 1.07 .0365 

.2015 0.95 ,0320 .OX51 1.00 .3098 .540 
.0632 X 0.88 .0557 

.2647 .70 .0410 .0195 .76 .3655 .470 
.I381 X .60 .0830 

.4028 .36 .0540 .0261 .44 .4485 .370 
.I791 X .36 .0620 

.5747 .17 ,0675 ,0318 .27 .5105 .320 
.2345 X .27 .0646 

.7142 .15 .0778 .0366 .27 .5751 .350 
.2858 X .25 .0715 

1.000 .09 .0983 .0420 .23 .6466 ,390 

Ionization, arbitrary units. 
Fig. 5.-Comparison of pressure changes in the alpha ray and ozonizer 

condensations for ethylene. 
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The study relating to pressure changes can be made in another way by 
comparing the volume changes during the two condensations and the ratios 
of the final to the initial pressure and the maximum to the initial pressure. 
The pertinent data are collected in Table V. It is seen that the same gen- 
eral trend exists for both types of reactions (Col. 3 to be compared with Cols. 
4 and 5). 

Volume relations co] I 
Final other Hydrocarbon Ratio - 
gases, cc. used, cc. Col. I1 

Gas (1) (11) (111) 

Radon Condensation 

CHI 5.63 5.56 1.01 
CzHs 15.92 14.58 1.09 
CaHs 19.50 17.07 1.14 
CdHio 28.09 24.69 1.13 
CzH4 . . . ... ... 

Pressure relations 
pfind - P,. 

Pinitid Pinitin1 
(IV) (V) 

Ozonizer Reaction 

CH4 169 168 0.998 1.00 1.03 
GHs 198 201 .985 0.99 1.07 
CsHs 226 212 1.060 1.05 1.14 
CIHIO 233 217 1.07 1.07 1.16 
CzH4 60 222 0.27 0.29 . . 

2. Free Hydrogen Production.-A further point of comparison 
between the alpha ray and the ozonizer condensations is the "free hydro- 
gen production" as related to the amount of initial hydrocaron reacted. 
This quantity may also be expressed as the ratio (- AH.C./ AH2) "hydro- 
carbon disappearing to hydrogen appearing." The necessary data for 
its calculation are given in Table VI and for the alpha-ray reactions the 
figures are taken from the work of Lind and Bard~e l l .~  It should be 

FREE HYDROGEN PRODUCTION 

Analysis of free hydrogen production of satllrated hydrocarbons by electrical 
discharge (ozonizer) and comparison with alpha-ray reaction.= 

CH4 CtHe 6 H s  OHIO CtH4 

Initial gas (cc. N. T. P.) taken 231.5 229.4 228.1 231 .O 222.2 
% of gas reacted 72.7 87.6 93.0 94.5 100.0 
Hz of init. gas reacted (cc. N. T. P.) 167 X 2 201 X 3 212 X 4 218 X 5 222.2 X 2 
Free hydrogen (ozonizer) 143 147 143 148 47 
From ozonizer reaction 

yo = (Free Hz X 100)/(H of 
init. H. C. reacted) 42.8 24.4 16.8 13.6 10.6 

The same yo (a-reaction) 37.8 25.5 16.1 13.9 11.9 
-AHC ( a  1.32 1.31 1.54 1.44 4.18 
AH* 10% 1.17 1.37 1.44 1.60 4.70 
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noted that the two modes of expressing the "free hydrogen appearing dur- 
ing the reaction" are related as follows: 
-AH.C./AHz = l/(free H X n), where n = 2,3,4,5 for CH4, CzHe CzHs and C4Hlo, 
respectively. 

By comparing lines five and six and lines seven and eight of Table VI 
it is seen that these ratios are the same for both types of condensations. 

The second point in our argument that the condensations of hydro- 
carbons by alpha rays and by electrical discharge are similar reactions is 
then: "the amount of free hydrogen produced is of the same order in both 
tyPes of condensations." The ratio in question changes to a larger value 
(about 4) for the unsaturated ethylene. 

3. The Percentage of Hydrogen in the Hydrogen-Methane Frac- 
tion.-The ratio AHt/A(Hs + CHI)  was calculated from the data on gas 
analysis of the gases after the condensation. It is seen (Table VIII) that 
the percentage of hydrogen in the hydrogen-methane mixture is about 80% 
for the reactions of the saturated hydrocarbons and a little greater (86%) 
for the unsaturated ethylene. The comparison with the similar data on 
the alpha-ray reaction shows that in both types of condensation hydrogen 
and methane appear in the same relative amounts. 

4. Percentage of Liquid Conversion.-The fraction of the hydro- 
carbon that has undergone reaction which appears as liquid product is 
seen to be greater in the order: methane, ethane, propane, butane and ethyl- 
ene. Again this behavior is the same for both kinds of reaction and it may 
be said that it appears to be easier to convert these hydrocarbons into 
liquid in the order given. 

5. The Liquid Composition.-As has been noted above, it is possible 
to calculate the average empirical composition of the liquid product from 
the gas analysis of the reaction products. This calculation has been 
carried out from the data of Table I1 and the results are given in Table 
VIII. It is seen that the average composition of the liquid mixture cor- 

TABLE VII  

P Any gas volume (N. T. P.) = VO = V (reaction vessel) X 273 X - = K X P 298 760 
Carbon Hydrogen 

. . . . . . . . K X 218 X 2 
K X 24.2 X 1 K X 24.2 X 4 
K X 80.0 X 2 K X 80.0 X 4 
K X 184.2 K X 852.8 

Initial gas K X 1992.0 K X 3984.0 
Liquid phase K X 1907.8 K X 3131.2 

3131.2 
Liquid composition = - = 1.65 or CnHl.wn 

1907.8 
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TABLE VIII 
CONDENSATION OF FIVE HYDROCARBONS IN ELECTRICAL DISCHARGE: (SUMMARY OF 

RESULTS AND COMPARISON WITH ALPHA-RAY CONDENSATIONS~ 
CH I C&(1 CSHS CIKIO CsH4 

(I) Pressure Changes 
Final press./initial press. (ozonizer) 1.00 0.99 1.05 1.07 0.29 
Final vol./H. C. used (ozonizer) 1.00 0.99 1.06 1.07 .27 
Max. press./init. press. (ozonizer) 1.03 1.07 1.14 1.16 . . 
Final vol./vol. H. C. used (alpha rays) 1.01 1.09 1.14 1.13 .32 

(2) Free Hydrogen 
A( AH.C. / AHs) (ozonizer) 1.17 1.37 1.44 1.50 4.70 
A(AH.C./ AH2) (alpha rays) 1.32 1.31 1.54 1.44 4.18 

(3) Hydrogen-Methane Ratio 
AH21 A(H2 + CHJ (ozonizer) .. 0.77 0.80 0.80 0.86 
AH2/A(H2 + CH3 (alpha rays) . . .83 .79 .84 .90 

(4) Liquid Conversion 
Per cent. (ozonizer) 54 77 74 77 93 
Per cent. (alpha rays) 30 56 52 71 96 

(5) Liquid Composition 
Empirical formula (ozonizer) CnHzn CnHan CnHzn CnHzn CnH1.7n 
Empirical formula (alpha rays) CnHzn CnH1.9n CnH1.m CnHl.sn CnH1.7n 

(6) Hydrocarbon Reacted 
Per cent. (ozonizer) 73 88 93 95 100 
Per cent. (alpha rays) 18 27 45 68 92 

responds to an empirical formula C,H,, for the saturated hydrocarbons 
and to C,H,.,, for the unsaturated ethylene. Similar results have been 
obtained for the alpha-ray reactions, as is shown in Table VIII. The com- 
position of the liquid condensate derived from ethylene by alpha-ray con- 
densation has been calculated as shown in Table VIII. Another point of 
similarity has thus been established: The empirical composition of the 
liquid mixtures derived from both types of condensations i s  the same. 

6.  Total Hydrocarbon Reacted.-The percentage of the total hydro- 
carbon reacted in a given interval of time under similar conditions is greater 
in the order given above. The same order is found in the alpha-ray re- 
actions. However, these factors are not comparable since the radon re- 
actions were not carried so far toward completion as the ozonizer reactions; 
but the data do fit into the general picture very well and again it can be 
said that both reactions show the same general trend. 

7. Statement of Results.-The factors studied have been collected 
in Table VIII and it is believed that the data shown there support the 
thesis which it is expected to prove: "for all of the hydrocarbons studied 
the condensations by alpha rays and i n  electrical discharge have many points 
in common, which lead to the belief that they both are brought about by the 
same agency." 
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8. Mechanism of Reaction.-The question which remains to be 
answered is: What is the mechanism of these condensations? On the 
ion-cluster theory the following steps should be taking place: (1) the 
formation of an ion; (2) the formation of a cluster; (3) the formation of 
a larger hydrocarbon molecule with elimination of hydrogen and methane; 
(4) the ionization of the larger molecule by direct electron impact; (5) the 
formation of an ion of the larger molecule by electron transfer. This 
mode of ionization is important because i t  favors the larger molecules for 
reaction. 

On the basis of these reaction steps it is possible to construct many re- 
action schemes which will conform to the data of Table VIII. It is easily 
seen that the possibilities for splitting, rebuilding and rearrangements 
under the above reaction plan are enormous for any of the hydrocarbons 
investigated and no satisfactory reaction mechanism can be given unless 
all of the reaction products have been determined. This would mean that 
not only must the gaseous reaction products be completely analyzed but 
also the liquid condensation products. As is well known, the analytical 
difficulties in the separation of the hydrocarbons are considerable. Even 
if such analyses were made it must be realized that all of the products of 
the initial reaction except hydrogen condense in a similar manner and in 
some cases even more readily than does the initial hydrocarbon. This 
makes the whole problem one of great complexity and while it has been 
possible to derive a series of reaction schemes which have the advantage of 
simplicity, uniformity, compliance with the empirical reaction rules laid 
down above, we prefer to postpone the discussion to a later date when more 
analytical data have been procured and shorter runs have been studied. 
The mechanism of these condensations may be studied by shortening the 
reaction period, so that the initial reaction products are obtained before 
they have been changed. This method was employed with butane and it 
appears that unsaturates are formed during the reaction. However, we 
have only initiated this study and much more work needs to be done. 

9. Unsaturates in the Gas Phase.-While it has been found that  
the average composition of the liquid condensates corresponds to an olefin, 
no indication has been found that there existed unsaturates in the gas phase 
a t  the end of the eight and one-half hour runs. The fractionations car- 
ried out on the gaseous reaction products always showed fractions of hy- 
drocarbons which corresponded closely in vapor pressure to the saturated 
hydrocarbons. However, one experiment on butane was stopped with 
eighty minutes' duration (Fig. 3) and the pressure had then reached the 
maximum pressure recorded in the former experiment. The analysis by 
fractionation showed a t  once that fractions were now present of different 
vapor pressures from those obtained previously. Ethylene and acetylene 
thus appear to exist in the gas phase. The disappearance of these unsatu- 
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rates during the later stages of the reaction may be the cause of the pressure 
drop observed. In our further work it is expected to study the composition 
of the reaction products obtained in runs of short duration where the total 
pressure has reached the maximum pressure of the longer runs. It is 
hoped that information from these and even shorter runs may help in the 
derivation of a possible reaction scheme for these condensations. 

The authors wish to thank Mr. J. L. Wilson, who has assisted in this work 
as American Petroleum Institute Research assistant. 

Summary 

The condensation of methane, ethane, propane, butane and ethylene 
has been studied in electrical discharge. It has been found that these reac- 
tion4are quite similar to the condensations caused by alpha rays. The 
following factors give evidence of this similarity of reaction: (1) the 
pressure changes as a function of the time; (2) the free hydrogen produced 
during the reaction; (3) the relative amount of hydrogen and methane in 
the hydrogen-methane fraction of the resultant gases; (4) the percentage 
of liquid conversion; (5) the average composition of liquid condensate; 
(6) the percentage of the hydrocarbons reacted All of these factors are 
quite similar for both types of condensation and it is argued that both types 
of reaction must be caused by the same mechanism. A reaction scheme is 
discussed on the basis of the ion cluster theory. The usual ideas are ampli- 
fied in one respect in that it is assumed that the larger molecules are ionized 
not only by electron impact but also by electron exchange. 

THE COMPOSITION AND STRUCTURE OF MESQUITE GUM1 

Previous investigations2 have shown that mesquite gum yields 2-arabi- 
nose and d-galactose on hydrolysis and that it contains a hexose uronic acid. 
When the work described in this article was begun, the gum was assumed 
to be the salt of a complex organic acid composed of the above substances. 
This investigation has established the presence of methanol and d-glucu- 
ronic acid as constituents of the gum and has shown conclusively that i t  

The material in this article is extracted from a thesis submitted by Louise Otis 
in partial fulfilment of the requirements for the degree of Doctor of Philosophy a t  North- 
western University. 

C. Morfit, Am. J. Sci., 19, 264 (1855); R. H. Forbes, "The Mesquite Tree: I ts  
Products and Uses," Arizona Agricultural Experiment Station, Bulletin No. 13 (1895) ; 
E. Anderson, L. Sands and N. Sturgis, Am. J. Pharm., 97,589 (1925) ; E. Anderson and 
L. Sands, Ind. Eng. Chem., 17,1257 (1925); THIS JOURNAL, 48,3172 (1926). 
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is the salt of an organic acid composed of four molecules of Earabinose, 
three molecules of d-galactose, one molecule of methanol and one molecule 
of d-glucuronic acid, combined with the loss of eight molecules of water. 

During the course of the research the free monobasic acid of which mes- 
quite gum is a salt, was prepared and analyzed. This complex molecule 
was then hydrolyzed in 3% sulfuric acid, first a t  80' and finally in the 
autoclave at fourteen pounds' pressure. This process gave successively 
less complex.monobasic acids, which were isolated in the form of calcium 
salts and analyzed. From a study of the composition and reactions of the 
various products isolated it is possible to deduce some facts in regard to 
the method of linkage of the original molecule. 

Identification of an Ether Linked Methoxy Group in Mesquite Gum.- 
It was shown by von Fellenberg3 that a glucosidic methoxy group can be 
removed from naturally occurring compounds by heating a t  80 to 90' with 
a 2% solution of sodium hydroxide. An ether linked methoxy group, on 
the other hand, cannot be removed by the above method but is removed by 
mixing the compound with 72% splfuric acid and boiling for ten minutes. 
The presence of any free methanol formed in this way can be accurately 
detected by use of Denigss' m e t h ~ d . ~  When the above test was applied to 
mesquite gum it was negative for the glucosidic methoxy but positive for 
the ether methoxy group. However, all the salts formed by partial hy- 
drolysis of mesquite gum gave positive tests for both the glucosidic and 
ether methoxy groups. As a check on the accuracy of the method for 
distinguishing between the two types of methoxy groups when applied to 
methylated sugars, a sample of tetramethylglucoses was tested. This 
sample showed the presence of both glucosidic and ether methoxy groups. 
It thus appears that while von Fellenberg's method is suitable for dis- 
tinguishing between the two types of union in the natural products for 
which i t  was devised, i t  cannot be used to  distinguish between the two 
types of union in the methylated sugars. 

The linkage of the rnethoxy group in mesquite gum seems more stable 
than a glucosidic linkage could be. This is shown by the following facts. 
Mesquite gum was hydrolyzed a t  100' for twenty-six hours in 3% sulfuric 
acid solution. The salts obtained from this hydrolysis were further 
hydrolyzed in 3% sulfuric acid in the autoclave a t  fourteen pounds' pressure 
for seven hours. The liquid in which this last hydrolysis was carried out 
showed only a trace of methanol and the salts obtained after neutralization 
gave a very strong test for methanol, showing that very little methanol had 
been removed during the hydrolysis. It was also found that oxidizing the 

T. von Fellenberg, Biochem. Z., 85, 44 (1918). 
M. G. Denig&s, Compt. rend., 150, 529 (1910). 
We are indebted to Dr. F. W. Upson of the University of Nebraska for the 

sample. I t  melted a t  85' and boiled a t  153-156" under 0.2-mm. pressure. 
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salts with nitric acid of specific gravity 1.15 did not remove the methoxy 
group to any appreciable extent. It thus appears that the methoxy group 
is present in mesquite gum as an ether. 

The Position of the Methoxy Group in the Organic Acid Occurring 
in Mesquite Gum.-The approximate position of the methoxy group in 
the molecule was determined by studying the methoxy content of the 
various hydrolytic products of mesquite gum. If the gum is hydrolyzed a t  
80' for six hours, all of the arabinose is removed. Crystalline E-arabinose 
can be obtained quantitatively, and as the salt formed a t  the same time 
contains galactose, a uronic acid and a methoxy group, the methoxy is not 
attached to the arabinose. If this salt is hydrolyzed further, pure crystal- 
line galactose can be obtained as well as a salt containing only a trace of 
galactose, a uronic acid and the methoxy group. Therefore, the methoxy is 
not attached to the galactose but is attached to the uronic acid. Nothing 
definite can be said as to which carbon atom in the uronic acid this methoxy 
group is joined, except that it cannot be to carbon atom one or six, since it 
is present as an ether, not as a glucosidic group. 

The Identification of d-Glucuronic Acid.-The presence of d-galacturonic acid or 
d-glucuronic acid in the free condition in a mixture can be established by oxidizing the 
uronic acid with bromine and obtaining mucic acid or saccharic acid, both of which can 
be identified. In mesquite gum, however, no simple uronic acid is present but a stable 
methoxyuronic acid. The gum must We hydrolyzed and the methoxy group removed 
if the uronic acid is to be identified by conversion to mucic or saccharic acid. Numerous 
unsuccessful attempts were made to identify mucic or saccharic acid among the products 
by hydrolyzing mesquite gum and oxidizing the resulting mixture with bromine. Fi- 
nally some calcium salts obtained by hydrolyzing the gum first in the boiling water-bath 
and then in the autoclave were freed from sugars by dissolving in water and precipitating 
with alcohol. These salts were converted to the free acid by treatment with sulfuric 
acid and the acid was purified by dissolving in alcohol. Approximately 30 g. of this acid 
was placed in an evaporating dish with 200 cc. of nitric acid, specific gravity 1.15, and the 
solution concentrated on the water-bath to a gum. This gum was dissolved in water 
and again concentrated. The acids were neutralized with calcium carbonate, the mix- 
ture heated and the calcium oxalate filtered off from the hot solution. The calcium in 
the filtrate was precipitated by addition of potassium carbonate, filtered and the solution 
made acid with glacial acetic acid, filtered and concentrated on the water-bath to a small 
volume. After standing in the refrigerator for some days, the crystals were filtered off 
and recrystallized from water and acetic acid. They appeared to be identical with 
potassium acid saccharate crystals made from glucose and with the crystals pictured 
in van der Haar.6 The percentage of potassium was determined by conversion to potas- 
sium sulfate. 

Anal. Calcd. for KHCsHaOs: K. 15.75. Found: K, 15.89, 15.81. 

By the above method approximately 1 g. of pure recrystallized potassium 
acid saccharate was obtained. Since this work was repeated on a later 
occasion, it is certain that d-glucuronic acid is present. A strong positive 

6 A. W. van der Haar, "Anleitung zum Nachweis, zur Trennung und Bestimmung 
der Monosaccharide und Aldehydsauren," Gebriider Borntraeger, Berlin, 1920, p. 120. 
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test for methanol was obtained on the mother liquor from which the po- 
tassium acid saccharate separated out, showing that the methoxy group 
was interfering with the formation of the saccharic acid. 

The Analytical Methods Used and the Value of the Various Deter- 
minations.-Since the methods used in the analysis of the gums are often 
inaccurate, a brief summary will be given of the determinations that were 
made and the value that should be attached to each before discussing the 
quantitative results of this work. 

The substances were analyzed for calcium oxide as ash, carbon dioxide 
evolved by the d-glucuronic acid, free aldehyde, d-galactose, 1-arabinose, 
methanol, carbon and hydrogen. 

All samples, except those used for the carbon and hydrogen determinations, were 
dried to constant weight in vacuo over phosphorus pentoxide using an Abderhalden vac- 
uum drier and a bath of boiling toluene. The samples for the carbon and hydrogen de- 
terminations were dried to constant weight in vacuo over phosphorus pentoxide a t  85'. 

The percentages of calcium oxide reported as ash in this article are slightly high. 
This is a logical result of the method used in the preparation of the salts, which was to 
add calcium carbonate to a water solution of sulfuric acid and the organic acid, filter 
off the calcium sulfate and precipitate the calcium salt of the organic acid by addition 
of alcohol. I t  is difficult under these conditions to free the salt completely from calcium 
sulfate even by repeatedly dissolving in water and precipitating by alcohol. A trace of 
calcium sulfate in the salt increases considerably the percentage of ash without seriously 
affecting the other determinations. 

The naphthoresorcinol test7 was used as a qualitative test for a hexose 
uronic acid, while the carbon dioxide method of Lef&vre8 as given by van 
der Haar was followed in the quantitative determination of the uronic acid. 
This is an accurate method and the results are 

The method employed for determining the free aldehyde group was that 
of C a j ~ r i , ~  using an alkaline iodine solution as the oxidizing agent. The 
percentage of free aldehyde found by this method in the calcium salts of the 
monobasic acids was slightly less than the theoretical. This may in part 
be due to a slight oxidation of the aldehyde group of the salts during their 
formation. 

The free acid of which mesquite gum is a salt, as well as the dibasic acids 
formed by oxidizing the aldehyde group of the monobasic acids with barium 
hypoiodite, all absorbed some iodine although they should have no free 
aldehyde group. This is easily explained. The free acid was prepared by 

7 C. A. Browne, "Handbook of Sugar Analysis," John Wiey and Sons, Inc., 
New York, 1912, p. 393; J. A. Mandel and C. Neuberg, Biochem. Z., 13, 148 (1908); 
B. Tollens, Ber., 41, 1788 (1908); B. Tollens and F. Rorive, ibid., 41, 1783 (1908). 

(a) A. W. van der Haar, Ref. 6, p. 71; (b) C .  G.  Schwalbe and G. A. Feldtmann, 
Ber., 58,1534 (1925); (c) W. H. Dore, THIS JOURNAL, 48,232 (1926); (d) A. D. Dickson, 
H. Otterson and K. P. Link, ibid., 52, 775 (1930); (e) J. R. Bowman and R. B. Mc- 
Kinnis, ibid., 52, 1209 (1930). 

F. A. Cajori, J. Biol. Chem., 54, 617 (1922). 
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treating mesquite gum in water solution with cold hydrochloric acid, 
precipitating the product with alcohol. If in this process an occasional 
molecule was partly hydrolyzed, the product would absorb iodine and thus 
show a small percentage of free aldehyde. Also if during the oxidation of 
the monobasic acids with barium hypoiodite insdcient time were allowed 
for the completion of the process, the resulting acids would show a small 
amount of aldehyde. 

The percentages of d-galactose were determined by the mucic acid 
method, following as closely as possible the directions of van der Kaar.lo 
The results were in all cases low. I t  is now generally recognized that this 
determination should not be classed as a quantitative process.ll When 
the method is applied to gums and pectins the results are often very in- 
accurate. In one case von Fellenberg reports1' 54.8% galactose where the 
calculated is 75.6%. It seems that the accuracy of the determination 
depends largely on the nature of the linkage in the molecule. In  the case 
of gum arabic the last molecule of galactose is easily removed12 and in this 
case the galactose can be accurately determined.13 On the other hand, 
the Iast molecule of d-galactose is very difficult to remove from mesquite 
gum and in this case the method yields lower percentages than the theo- 
retical. 

The percentage of arabinose was determined by mixing the sample with 
12y0 hydrochloric acid, distilling off the furfural and precipitating i t  as the 
phlor~glucide.~~ The directions given in the "Official Methods of Analy- 
sis" were followed. The results obtained on the free organic acid were 
about 2% lower than the theoretical. All of the other substances analyzed 
gave from 3 to 7% arabinose by this method, though no arabinose was 
actually present. This method is known to be only approximately quanti- 
tative. The yield of furfural from arabinose is not quantitative and the 
amount varies with different operators.16 Furthermore, the furfural is 
contaminated with products that vitiate the results. Hexoses give hy- 
droxymethylfurfural, which precipitates along with the furfural.16 In 
addition hexose uronic acids yield furfural under the conditions of the 
determination and the yield is less than the theoreti~al.'~ In the case of 
d-glucuronic acid an accurate factor has been worked out for correcting the 

lo A. W. van der Haar, Ref. 6, p. 125. 
l1 F. Ehrlich, Chem.-Ztg., 41, 197 (1917); T. von Fellenberg, Biochem. Z., 85, 118 

(1918). 
l2 F. Weinmanu, Ber., 62, 1637 (1929). 
l3 C. L. Butler and L. H. Cretcher, THIS JOURNAL, 51, 1519 (1929). 
l4 "Official Methods of Analysis of the Association of Official Agricultural Chem- 

ists," Washington, D. C., 1924,2d ed., p. 120; A. W. van der Haar, Ref. 6, p. 61. 
l6 N. C. Pervier and R. A. Gortner, Ind. Eng. Chem., 15, 1167, 1255 (1923j. 
'6 R. A. Gortner, "Outlines of Biochemistry," John Wiley and Sons, 1929, p. 525; 

A. G. Norman, Biochem. J., 23, 524 (1929). 
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weight of the furfural phloroglucide for the furfural evolved by the hexose 
uronic acid.17 No such factor is known for methoxyglucuronic acid. 
It is obvious that the accuracy of this determination is not great. 

The presence of the methoxy group was determined qualitatively by 
means of the DenigPs test for The amount of methoxy was 
determined quantitatively by the Zeisel method.18 The percentage found 
in all the monobasic acids checked the theoretical very closely. In the case 
of the dibasic acids formed by oxidizing the monobasic acids with an 
alkaline solution of barium hypoiodite, the percentages of methoxy were 
slightly low. This is easily accounted for by the fact that an alkaline solu- 
tion seems to remove traces of methoxy from the methylated sugars. 

The percentages of carbon and hydrogen were determined by Dr. E. 
Yusa at  the University of Vienna and checked satisfactorily. 

Attempts were made to determine the molecular weight of the free acid 
from mesquite gum by the cryoscopic method. However, no constant 
freezing point could be obtained. Since the substance is a free acid, its 
minimum molecular weight was determined by titrating with sodium 
hydroxide solution 

Preparation and Analysis of the Free Acid of Mesquite Gum.-The method used 
by Ehrlich in preparing pectic acid19 was found to work satisfactorily in preparing and 
purifying the free acid of mesquite gum: 300 g. of mesquite gum was dissolved in 600 cc. 
of water, filtered, 60 cc. of concentrated hydrochloric acid added and the gum pre- 
cipitated by addition of 15 liters of 85% ethanol. This precipitate was dissolved in 
300 cc. of water and 40 cc. of concentrated hydrochloric acid diluted with 40 cc. of water 
added. The precipitate was again dissolved and thrown down by addition of 5.5 
liters of 88% ethanol. This process was repeated five times. The gum was then dis- 
solved in 250 cc. of water and 1350 cc. of 95% ethanol added to precipitate a small 
amount of gum and thus eliminate any metallic salts that might be present. The 
solution was centrifuged and the clear solution poured into a large volume of 95% 
ethanol. The precipitated material was allowed to settle, triturated with a pestle, 
filtered, washed with absolute alcohol and ether. The free organic acid finally obtained 
was a white amorphous powder which was practically free from ash, completely free 
from chlorides and readily soluble in water. A 0.008 N solution showed a PH of 3.4. 
Table I gives the results of the analysis of this acid. The figures obtained check very 
closely the values calculated for a compound consisting of one molecule of methoxy- 
glucuronic acid joined to three molecules of d-galactose and four molecules of I-arabinose 
with the loss of seven molecules of water. 

Partial Hydrolysis of Mesquite Gum to Digalactoso and Trigalactoso Methoxy-d- 
glucuronic Acids.-When mesquite gum was hydrolyzed a t  80- with 3% sulfuric acid, 
all the 1-arabinose and part of the d-galactose were removed. The resulting solution was 

l7 F. Ehrlich and F. Schubert, Biochem. Z., 169, 65 (1926). 
l8 H. Meyer, "Analyse und Konstitutionsermittlung organischer Verbindungen," 

J. Springer, Berlin, 1916, p. 739; E. S. Ripping and W. H. Perkin, "Organic Chemistry," 
W. and R. Chambers, London, 1909, p. 498; 0. Kamm, "Qualitative Organic Analysis," 
John Wiley and Sons, 1923, p. 172; J. T. Hewitt and T. S. Moore, J. Chem. Soc., 81,318 
(1901); W. H. Perkin, ibid., 83, 1367 (1903). 

lS F. Ehrlich, 2. angew. Chem., 40, 1305 (1927). 
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neutralized with calcium carbonate, the mlcium sulfate filtered off and the calcium 
salts precipitated by pouring into alcohol. These crude salts were separated by the 
method of LeveneaO into five fractions, all of which were analyzed. The most soluble and 
least soluble portions corresponded to definite compounds. The details of this experi- 
ment are given below. 

Four kilos of mesquite gum was hydrolyzed in 500-g, lots as follows. 
Five hundred grams of mesquite gum was dissolved in 3 liters of distilled water, 

strained through a fine piece of cheese cloth, 60 cc. of concentrated sulfuric acid added 
(making approximately a 3% sulfuric acid solution) and the flask immersed in a water- 
bath a t  80' and heated for eleven hours. The solution was neutralized with calcium 
carbonate, filtered and concentrated on a large evaporating dish over boiling water in 
the presence of an excess of calcium carbonate. When the volume was about 500 cc., 
it was filtered with suction and the filtrate poured into a large volume of 95% ethanol 
and left to stand overnight to settle. The alcohol was poured off, the thick sirupy 
material stirred with fresh 95% ethanol, and then extracted twice for one hour each time 
with boiling ethanol. The thick, gummy residue was dissolved in enough water so that  
a fine flocculent precipitate was obtained on pouring it slowly into a large volume of- 
95% ethanol to precipitate the salts. The gummy residue was extracted twice for 
two hours with hot 95% ethanol and dissolved in water, heated in the boiling water- 
bath with norit, filtered and precipitated by pouring into a large volume of 95% ethanol; 
744 g. of air-dried, dark brown salts was obtained from the 4 kg. of gum. These 
dark brown salts were purified as follows: 100 g. of salts was dissolved in 750 cc. of 
water and then 150 cc. of 6 N sulfuric acid and 150 g. of norit (previously boiled with 6 
N sulfuric acid and washed with water) were added. The mixture was heated rapidly 
and boiled for one minute, cooled under the tap and filtered. The filtrate was neutral- 
ized with calcium carbonate, filtered and the filtrate concentrated by vacuum distilla- 
tion in a water-bath a t  80°, filtered again and the salts precipitated by pouring into a 
large volume of 95% ethanol. This treatment gave a white salt. The total yield 
from the 744 g. of crude salts was 423 g. 

This salt was separated by fractional precipitation as follows. It was dissolved 
in three times its weight of water (400 g. of salt dissolved in 1200 cc. of water). This 
solution was filtered through a double filter paper to remove the calcium sulfate. After 
standing overnight and being filtered again, 2400 cc. of 95% ethanol (two times the 

TABLE I 

ANALYTICAL DATA AND PHYSICAL CONSTANTS 
Methoxyglucuronic 

4-3 galactoses (Methoxy- (Methoxy- 
+4 arabinoses (Methoxyglucumnic glucuronic glucuronic 

- 7 H ~ 0 .  4-3 galactoses +galactoses + 1 galactose 
Free acld of -3Hz0-H)&a -2Hz0-H)&a - Hz0-H)zCa 

mesquite gum salt 1 salt 2 salt 3 
Found Calcd. Found Calcd. Found Calcd. Found Calcd. 

Molecular weight 1222 1222 ..... 1426 ..... 1102 ... 778 
Specific rotation +70.S0 . .. . . +16.S0 . .. . . +38 5' . . . . . . . . . . . . 
Ash, % 0.07 0 . 0  4.31 3.93 5.34 5.08 7.46 7 .20  
Carbon dioxide, % 3.55 3 6 0  6.24 6.17 7.91 7.99 10.00 11.31 
Free aldehyde, % 0.48 0 . 0  2.40 4.07 5 04 5 .26  6 .99  7.46 
Galactose, % 26.77 44.2 59.74 75.73 48.79 6 5 3 3  23.90 46.27 
Arabinose. % 47.02 49.1 5.03 0 .0  7.17 0 . 0  2 . 9 1  0 . 0  
Methoxy, % 2.86 2.54 3.90 4.35 5.78 6.63 ... .... 
Carbon, % 45.46 44.2 41.94 42.07 41.34 41.38 . . . . . . . 
Hydrogen, % 6.39 8.06 8.09 5.75 6.12 5 .63  ... .... 

20 P. A. Levene and H. Sobotka, J. Biol. Chem., 71, 471 (1927); W. F. GoebeI, 
ibid., 72, 813 (1927). 
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volume of water) was added. I t  was left to stand overnight, thus allowing the gummy 
matter to separate out, and in the morning the clear supernatant liquid was decanted 
and concentrated in vacuum. From this solution the calcium salt was precipitated as 
described before and 67 g. of this most soluble salt was obtained. The gummy residue 
was dissolved in 535 cc. of water, 1070 cc. of 95y0 ethanol added and the liquid cen- 
trifuged to hasten the separation of the liquid and residue. In this way five different 
fractions were precipitated. The final residue gave the least soluble salt (96 g.) .  All 
the fractions were analyzed, but the most soluble and least soluble were the only frac- 
tions that were pure compounds. The analyses of these two compounds are given in 
Table I. The least soluble salt (Salt 1) is the calcium salt of methoxyglucuronic acid 
joined to three molecules of galactose with the loss of three molecules of water. The 
most soluble salt (Salt 2) is the calcium salt of the methoxyglucuronic acid joined to 
two molecules of galactose with the loss of two molecules of water. 

Oxidation of Digalactoso and Trigalactoso Methoxyglucuronic Acids to Dibasic 
Acids.-The calcium salts of digalactoso and trigalactoso methoxy-d-glucuronic acids 
(Salts 1 and 2) were oxidized by barium hypoiodite solution21 and the resulting dibasic 
acids isolated as the calcium salts in the form of a white amorphous powder. These 
salts gave the naphthoresorcinol test and on treatment with 12% hydrochloric acid 
gave carbon dioxide, thus proving the presence of a hexose uronic acid. This fact proves 
that  the free aldehyde group in the digalactoso and trigalactoso methoxyglucuronic acids 
was on the galactose and not on the uronic acid. The dibasic salt 1A obtained by oxida- - 
tion of the monobasic salt (1) is the calcium salt of one molecule of methoxyglucuronic 
acid joined to two molecules of galactose and one molecule of galactonic acid with the 
loss of three molecules of water. The dibasic salt 2A obtained by the oxidation of the 
monobasic salt (2) is the calcium salt of one molecule of methoxyglucuronic acid joined 
to one molecule of galactose and one molecule of galactonic acid with the loss of two 
molecules of water. The analyses of these salts are given in Table 11. 

ANALYSES OF SALTS 

(Methoxyglucuronic + 2 (Methoxyglucuronic + 1 
galactose + 1 galactose + 1 

galactonic - 3 galactonic - 2 
Hz0-2H) Ca Hz0-2H) Ca 

salt (1A) salt (2A) 
Found Calcd. Found Calcd. 

Molecular weight . . . .  748 . . . . . 586 
Specific rotation +2.7" . . . .  +12.8" . . . . 
Ash, % 6.53 7.49 9.74 9 55 
Carbon dioxide, % 6.21 5.88 8.06 7.51 
Free aldehyde, yo 0.34 0.00 0.23 0.00 
Galactose, yo 57.28 72.19 46.30 61.43 
Arabinose, % 5.35 0.00 5.11 0.00 
Methoxy, % 3.40 4.14 4.75 5.29 
Carbon, % 40.48 40.11 38.10 38 91 
Hydrogen, % 5.89 5.35 5.27 5.12 

Partial Hydrolysis of Mesquite Gum to Monogalactoso Methoxyglucuronic Acid.- 
When mesquite gum is hydrolyzed for a longer time than when preparing the digalactoso 
and trigalactoso methoxyglucuronic acids, the monogalactoso methoxyglucuronic acid 
can be obtained. The following procedure was used. One kilo of mesquite gum was 
hydrolyzed in 500-gram lots as follows: 500 g. of mesquite gum was dissolved in 3 

" W. F. Goebel, J. Biot. Chem., 72, 809 (1927). 



Nov., 1930 THE COMPOSITION AND STRUCTURE OF MESQUITE GUM 4469 

liters of water and 60 cc. of concentrated sulfuric acid dissolved in 200 cc. of water added. 
This solution was hydrolyzed in a water-bath a t  85" for twenty hours. I t  was neutral- 
ized with calcium carbonate, treated with norit, filtered and the filtrate concentrated 
in vacuum, using paraffin to prevent foaming, until the liquid had a refractive index of 
1.38. The salt was reprecipitated by pouring into a large volume of ethanol and worked 
up as described under the preparation of the other salts. I t  was disqolved in 250 cc. of 
hot water, filtered and precipitated again by pouring into a large volume of ethanol. 
One kilo of gum gave practically 300 g. of salt. This 300 g. of salt was dissolved in water, 
57 cc. of concentrated sulfuric acid added and the solution diluted to 1800 cc. I t  was 
heated in a water-bath a t  80 to 85O for fourteen hours, neutralized with calcium car- 
bonate, heated with norit, filtered and the filtrate concentrated in vacuum. The salt 
was precipitated from this solution by pouring into a large volume of alcohol; the yield 
of salt was about 200 g. This salt was separated by fractional precipitation, It was 
dissolved in 300 cc. of water, 600 cc. of 95% ethanol added and the liquid concentrated, 
etc., giving the most soluble salt. The gummy residue was dissolved in 225 cc. of 
water and some salt precipitated by addition of 450 cc. of 95% ethanol. This process 
was repeated four times, when the gummy residue was worked up giving the least soluble 
portion of the salts. 

All the fractions were analyzed and the least soluble portion was found t o  be a 
fairly pure sample of the calcium salt of methoxyglucuronic acid joined to one molecule 
of galactose with the loss of one molecule of water. The analysis for this salt (Salt 3 )  
is given in Table I. 

The Structure of Mesquite Gum.-From the work reported above certain facts can 
be deduced in regard to the structure of the complex organic acid occurring in mesquite 
gum. 

The arabinose must be joined to the molecule by some kind of loose union, since it 
can be removed completely when the gum is hydrolyzed for six hours with 3% sulfuric 
acid a t  80 ". As the free gum does not reduce Fehling's solution, there must be either a 
dicarbonyl union involving a t  least one molecule of arabinose or a glucosidic union be- 
tween the aldehyde of the end arabinose and some hydroxyl in the molecule. Since 
the compounds of the uronic acid with one, two or three molecules of galactose reduce 
Fehling's solution, there are only four possible positions for a dicarbonyl union-between 
the first and second, second and third, third and fourth molecules of arabinose or be- 
tween the fourth molecule of arabinose and the first molecule of galactose. As immedi- 
ately upon hydrolysis the molecule begins to reduce Fehling's solution, i t  seems logical 
to assume that the dicarbonyl union is between the first two molecules of arabinose, 
but as no compounds containing part of the arabinose attached to the molecule could be 
obtained, this position could not be proved. If, however, it is a glucosidic linkage, it 
could be between the aldehyde group of the first arabinose and any of the numerous 
hydroxyl groups in the molecale. 

On the other hand, the galactoses are quite firmly attached in the molecule. As 
the different degradation products contain only one free aldehyde group and as one after 
another of the galactose molecules can be removed by hydrolysis, it  seems as if these 
molecules must be joined together in a chain by means of glucosidic linkages with a free 
aldehyde group on the end galactose molecule. To which hydroxyl of the sugar the 
aldehyde is joined is mere conjectnre. A5 in many polysaccharides the aldehyde is 
joined to the hydroxyl of the fourth carbon atom, this is likely to be the case here. 
Whatever this linkage is, it  can be broken when the gum is hydrolyzed a t  80° with 3% 
sulfuric acid. 

AS was pointed out when considering the dibasic acids, there is conclusive evidence 
that the linkage between the galactose and the uronic acid is through the aldehyde 
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group of the acid and an hydroxyl of the sugar. Methylation studies will be necessary 
to prove which atom of the galactose is involved in this union. The structure given in 
the diagram summarizes the results of this study of the acid occurring in mesquite gum. 

Tentative structural formula of the complex organic acid occurring in mesquite gum. 

Summary 

Mesquite gum is the inorganic salt of an organic acid consisting of four 
molecules of arabinose, three molecules of galactose and one molecule of 
methoxyglucuronic acid united with the loss of seven molecules of water. 
This pure acid was prepared and its composition substantiated by prepa- 
ration of tbree degradation products: (1) the calcium salt of methoxy- 
glucuronic acid joined to three molecules of galactose with the loss of three 
molecules of water, (2) the calcium salt of methoxyglucuronic acid joined 
to two molecules of galactose with the loss of two molecules of water, 
(3) the calcium salt of methoxyglucuronic acid joined to one molecule of 
galactose with the loss of one molecule of water. The composition of 
Salts 1 and 2 was further verified by oxidizing them and obtaining: (1A) 
the calcium salt of methoxyglucuronic acid joined to two molecules of 
galactose and one molecule of galactonic acid with the loss of three mole- 
cules of water, (2A) the calcium salt of methoxygIucuronic acid joined to 
one molecule of galactose and one molecule of galactonic acid with the loss 
of two molecules of water. 

Work is now in progress on the methylation of mesquite gum. 
TUCSON, ARIZONA 
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THE STEREOCHEMICAL STUDY OF DIPHENYL 
2,2'-DISULFONIC ACID. VIII1 

The existence of optical isomers in substituted diphenyl compounds is, 
according to the obstacle theory, due to the fact that the ortho-substituted 
groups are sufficiently large to prevent free rotation. In a previous paper2 

it was shown that x-ray data on the sizes of atoms and groups of atoms may 
be used to calculate the relative interferences of the ortho substituents and 
thus to predict whether or not a compound might possibly be resolved. 
It was pointed cmt also that the values for each group should not be re- 
garded as representing merely linear effects since the forces around an atom 
or group are certainly three dimensional in character. The interference 
values for certain definite molecules were designed to represent the inter- 
ference due to the effective realms of influence of the various combinations 
of atoms or groups. Some confusion regarding the interpretation of the 
obstacle theory appears to exist, since Bergmann3 suggests the obstacle 
theory is unnecessary and yet considers the "mutual influence of the elec- 
tron shells of the atoms or groups" to be the chief consideration. The 
influence of the electron shells, in so far as they affect the size of the atom or 
group by causing it to have a larger or smaller realm of force or influence, 
has been an integral part of the obstacle theory as far as the interpretation 
in this Laboratory is concerned. By the size of the atom or group is simply 
meant the volume affected by the electrical forces of the atom, and it is this 
volume of force that is regarded as the obstacle. The volume of the 
electrical forces of the atom or group has dimensions and occupies space so 
that a second volume of force may not be superimposed upon or pass 
through the first, although the two volumes may approach each other 
closely. Hence the field of force of the first acts as an obstacle to  the field 
of force of the second atom or group which may strive to pass through or 
occupy the same space. This is recognized as a simple mechanical inter- 
ference and the term "obstacle theory" appears quite satisfactory for it. 
This is in contradistinction to the so-called electrical theory, which rep- 
resents the atoms or groups as possessing residual affinity of either a negative 
or a positive electrical charge which, in turn, prevents free rotation in the 
diphenyl molecule. The attraction of ortho-substituted groups of unlike 
charge and the repulsion of groups similarly charged are thus assumed to 

1 For the previous paper (VII) in this series see, Maxwell and Adams, Tms JOURNAL, 

52, 2959 (1930). 
Stanley and Adams, iW., 52, 1200 (1930). 

a Bergmann and Engel. 2. physik. Chem., Abt. B, 8,111 (1930). 
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be determined chiefly by the magnitude of such charges, and with no con- 
sideration of the size of the groups. 

According to the obstacle theory the size of the group or atom, as deter- 
mined by the fields of force without regard to the sign or amount of any 
residual affinity, is the determining factor as to whether or not interference 
occurs and thus makes resolution of such diphenyl compounds possible. 
It must be recognized that the angle a t  which substituents are attached 
to  the benzene ring, as well as the angle between two benzene rings, may 
vary slightly according to the character of the substituents. This must be 
taken into consideration, as has been pointed out and exemplified in a 
previous articles

2 

Although diphenyl derivatives having three and four ortho-substituents 
have been and are the subject of considerable study, only one compound 
having but two ortho-substituents has been investigated. This compound, 
diphenic acid, failed to resolve. On the basis of x-ray data, the following 
possible interferences of the substituents in the 2,2',6,6'-positions were 
obtained: C-H, 0.94A.; C-COOH, 1.56A.; C-C (2,2' and 6,6'), 2.9a. 
The carboxyl groups would fail to collide with the hydrogen atoms by 0.44. ; 
1.56A. $- 0.94A. = 2.5A. - 2.9A. -+ -0.4A. I t  is thus seen that 
resolution would not be expected. However, it should be possible to 
resolve such an a,al-disubstituted diphenyl compound into optical isomers, 
provided the two substituting groups are sufficiently large and provided 
also that a hydrogen atom may serve as a blocking group. For example, if 
each of the two substituting groups was 0.44. or more larger than a car- 
boxyl group, they would not only collide with each other but should also 
collide with the hydrogen atoms when the molecule becomes arranged so 
that the substituting groups are on opposite sides. 

In this investigation diphenyl-2,2'-disulfonic acid was prepared in an 
attempt to secure groups larger than the carboxyl groups. Pauling4 and 
Goldschmidt6 have calculated the ionic radii of the sulfur ion in sulfates as 
0.29 and 0.3411., and the ionic radii of the carbon atom in carbonates as 
0.2A. The C-0 distance in a carbonate group has been estimated by 
means of crystal analysis as 1.08 A.,6 the S-0 distance in a sulfate group as 
1.55W.,' the C-C distance in aromatic compounds as 1.45A. and the S-S 
distance in gaseous St as 1.81A. and as 2.08A.~ in Fe2S. This indicates 
that the sulfur atom is from 25 to 50% larger than the carbon atom, or 
from 0.38 to 0.76A. larger. If other factors do not interfere and the in- 
crease in the sulfonic acid group as indicated by the C-0 and the S-0 dis- 

Pauling, THIS JOURNAL, 49, 765 (1927). 
Goldschmidt, Trans Faraday SOC., 25, 253 (1929). 
Lennard-Jones, Proc. Roy. SOC. (London), A113, 673, 690 (1927). 

7 "Annual Reports," 1926, p. 274. 
8 Mecke, 2. Physik, 42,390 (1927). 
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tances is effective, the total sulfonic acid group should be more than 0 . d .  
larger than the carboxyl group. Interference with the hydrogen atoms 
would thus be made possible with the subsequent possibility of resolution of 
the compound. However, it was found impossible to resolve di~henyl-2,2~- 
disulfonic acid through the di-brucine, di-quinine and di-morphine salts. 
These salts were fractionated froin several different solvents and gave no 
indication of resolution. An intermediate product, 4,4'-diamino-diphenyl- 
2,Zr-disulfonic acid was also found to be unresolvable in the form of the di- 
brucine and di-strychnine salts. I t  would appear, therefore, that the sul- 
fonic acid group may not be sufficiently large to interfere with a hydrogen 
atom and prevent free rotation. I t  may have a more compact structure 
than was supposed or else the hydrogen atom may be smaller as a blocking 
group than has previously been assumed. The second possibility appears 
plausible because the hydrogen atom represents a special case, in that i t  is 
different from all other substituting groups by not having an electron shell. 

Other possible atoms or groups which, substituted in the a,af positions 
in diphenyl, might make free rotation impossible are the bromine atom, 
the iodine atom and certain ring structures. Thus, 2,2'-dibrornodiphenyl 
should be resolvable for the C-Br distance is approximately 2.11A., which 
would cause the bromine atoms to interfere with the hydrogen atoms 
approximately 0.15A. A 2,2'-di-iododiphenyl, if no abnormality occurs in 
the iodine atom when substituted in the benzene ring, should also resolve, 
for the C-I distance is about 2.2k. This would cause the iodine atoms to 
interfere with the hydrogen atoms by 0.2&. Diphenyl compounds having 
rings as the large disubstituted groups, may also be prepared. These con- 
clusions depend on the validity of the assumption that the hydrogen atom 
has an appreciable interfering effect (0.94k.). Representatives of the 
above type are now under investigation. 

The diphenyl-2,2'-disulfonic acid was prepared by the sulfonation of 
nitrobenzene to m-nitrobenzene sulfonic acid, reduction to azobenzene di- 
sulfonic acid by means of zinc dust and alkali and further reduction and 
rearrangement by means of stannous chloride and hydrochloric acid to 
4,4'-diaminodiphenyl-2,2'-disulfonic acid. Removal of the two amino 
groups by diazotization and treatment with copper powder in ethyl alcohol 
gave diphenyl-2,2'-disulfonic acid. Several attempts to prepare the di- 
sulfonic acid by reducing m-nitrobenzene sulfonic acid in alkaline solution 
to the hydrazo compound and filtering rapidly into concentrated hydro- 
chloric acid to cause rearrangement to 4,4'-diaminodiphenyl-2,Z'-disulfonic 
acid resulted in failure. 

Experimental Part 
m-Nitrobenzene Sulfonic Acid.*-Nitrobenzene sulfonic acid was prepared by 

the sulfonation of nitrobenzene.9 

@ Holleman, Rec. trav. chins., 24, 198 (1905). 
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Azobenzene Disulfonic Acid.lOp"-A mixture of 200 g. of potassium m-nitrobenzene 
sulfonate and 255 g. of sodium hydroxide in 1700 g. of water was heated on a steam cone 
and 204 g. of powdered zinc was added during six hours. The mixture was filtered hot 
and washed with hot water. The wash water was combined with the filtrate and satu- 
rated with carbon dioxide and then concentrated by evaporation until crystals appeared. 
After cooling a 40-g. crop of white crystals was removed and the filtrate was concen- 
trated to about one liter. On cooling overnight a crop of 115 g. of yellow crystals of the 
sodium salt of azobenzene disulfonic acid came out. These were removed by filtration 
and used without drying in the next step. 

4,4'-Diaminodiphenyl-2,2'-disulfonic Acid."-A solution of 80 g. of stannous 
chloride in 160 cc. of concentrated hydrochloric acid was slowly added to a solution of 
115 g. of the sodium salt of azobenzene disulfonic acid in 400 cc, of hot water. Upon 
addition of the stannous chloride the solution gradually loses its yellow color, finally 
becomes colorless and then white crystals of 4,4'-diaminodiphenyl-2,2'-disulfonic acid 
precipitate out. After standing overnight these were removed, dissolved in dilute 
ammonium hydroxide, filtered from a small amount of insoluble material, and repre- 
cipitated by the addition of hydrochloric acid. The run was repeated and the total 
yield was 160 g. 

Diphenyl-2,2'-disulfonic Acid."-Dilute sodium hydroxide was added to a mixture 
of 100 g. of 4,4'-diaminodiphenyl-2,2'-disulfonic acid in 1.5 liters of ice water until solution 
was effected. Then 41 g. of sodium nitrite was added and after solution was complete 
a cold solution of 120 cc. of concentrated sulfuric acid in 500 cc. of water was slowly 
added and the clear solution allowed to remain a t  0' for three days. During this time 
long yellow needles crystallized out. These were removed, washed with 100 cc. of cold 
water and air dried for fifteen minutes. The weight of the partially dried product was 
100 g. The product was placed in an 800-cc. beaker, covered with 200 cc. of 95% ethyl 
alcohol and copper bronze added slowly with stirring, The mixture warmed up and 
nitrogen was evolved. When the reaction was ended, the mixture was heated on the 
steam cone for fifteen minutes and filtered from the unreacted copper bronze. The 
filtrate was concentrated until practically free of alcohol and then taken up in 200 cc. 
of water. A solution of 80 g. of barium hydroxide in 600 cc. of water was then added 
and the 800 cc. of solution was filtered hot from a small amount of black insoluble ma- 
terial. On cooling a 50-g. crop of white crystalline barium salt of diphenyl-2,2'-disulfonic 
acid came out. This precipitate was removed and warmed with 12 g. of concentrated 
sulfuric acid in 200 cc. of water and filtered from the precipitated barium sulfate. Di- 
lute sulfuric acid was then added dropwise to the filtrate until the addition gave no 
additional white precipitate of barium sulfate. The precipitated barium sulfate was 
then removed by tiltration and the filtrate evaporated to a thick sirup which solidified 
on standing over phosphorus pentoxide for two days. Diphenyl-2,2'-disulfonic acid is 
very soluble in water and alcohol, soluble in acetone, and insoluble in chloroform, ben- 
zene and petroleum ether. It is very deliquescent. 

Preparation and Fractionation of the Alkaloid Salts 

Brucine Salt of Diphenyl-2,2'disulfonic Acid.-A mixture of 5 g. of diphenyl-2,2'- 
disulfonic acid and 12.5 g. of brucine was boiled with 100 cc. of water until complete 
solution was effected. On cooling the salt separated as an oil which solidified after 
standing for a day. The salt was washed with water and then with 100 cc. of hot ben- 
zene. After drying the weight of the sait was 17.5 g. and the melting point was 244-246 O. 

Rotation. (a) 0.3121 g. made up to 25 cc. in chloroform a t  20' gave an, = -0.8'; 

lo Mahrenholtz and Gilbert, Ann., 202, 332 (1880). 
J1 Limpricht, ibid., 261, 327 (1891). 



I = 2; [a]: -32.0; (b) 0.3382 g. made up to 15 cc. in chloroform at  20" gave 5 

-0.76"; 1 = 1; [or]? -33.6. 
The salt was washed with 50 cc. of acetone, Rotation. 0.2413 g. made up to  20 cc. 

with chloroform a t  20" gave aD = 0,3g0; 1 = 1; I c Y ~ ~  -31.6. This product was ana- 
lyzed after drying over phosphorus pentoxide for an hour at 100' and 10-mm. pressure. 

Anal. Calcd. for C6&&1&&: S, 5.81; neut. equiv., 551.3. Found: S, 5.62; 
neut. equiv., 548.2. 

Petroleum ether was added to a solution of 4 g. of the salt in 50 cc. of chloroform 
until about half of the salt was precipitated out. The remainder of the salt was ob- 
tained by evaporation of the filtrate. Both fractions gave essentially the same rotation 
and melting point as the original material. A solution of 8 g. of brucine salt in 100 cc. 
of hot water was allowed to cool to 30' with stirring. A 3.5-g, crop of crystals which 
separated was removed by filtration. On standing overnight a second crop of 0.85 
g. of crystals had separated from the filtrate. These were removed and the filtrate was 
evaporated to 40 cc. and on cooling a 3.2-g. crop of crystals was obtained. The rotation 
and melting points of all three fractions were identical. A thiid portion of di-brucine 
salt was fractionated by crystallization from 95% ethyl alcohol. Both fractions melted 
a t  245-248* and had a rotation in chloroform of [or]: -33.2. 

Quinine Salt of Diphenyl-2,2'-disulfonic Acid.-A mixture of 5 g. of diphenyl-2,2'- 
disulfonic acid and 10.3 g. of quinine was boiled with 400 cc. of water without effecting 
solution. The water was removed by evaporation on a steam cone and the residue was 
dissolved in 200 cc. of chloroform. The addition of petroleum ether caused a 7.5-g. 
portion of salt melting a t  188-192' to precipitate. Rotation. 0.3045 g .  made up to 15 
cc. with chloroform at 20" gave 4, = -1.6'; 1 = 1; [a]': -78.9. 

This salt was washed with 100 cc. of ether and analyzed after drying over phos- 
phorus pentoxide for two hours a t  100" and 10-mm. pressure. The melting point 
was then 191-193" with sintering a t  185'. Rotation. 0.285 g. made up to 15 cc. with 
chloroformat20° gave an = -1.63'; 1 = 1; [a12 -85.9. 

Anal. Calcd. for C62H6801~N&: S, 6.66; neut. equiv., 481.3. Found: S, 6.41; 
neut. equiv., 485.4. 

The further addition of petroleum ether caused a 7-g. portion of di-quinine salt 
melting a t  188-193 to precipitate. Rotation. 0.2453 g. made up to 15 cc. with chloro- 
form at  20' gave = - 1.3 O; 1 = 1 ; [a]'$ -79.5. A solution of the di-quinine salt 
in 40% ethyl alcohol was fractionated into two fractions of 3.3 and 3.7 g. Both frac- 
tions melted a t  189-192' and the rotations were -83.5 and -81.2, respectively. 

Morphine Salt of Diphenyl-2,2'-disulfonic Acid.-A mixture of 3 g. of diphenyl-2,2'- 
disulfonic acid and 1.65 g. of morphine was boiled with 75 cc. of water until complete 
solution was effected. The solution was cooled and iiltered from 0.01 g. of insoluble 
material and further evaporated. The salt was so soluble that it was impossible to  
fractionate it from water, so the aqueous solution was evaporated to a sirup. This sirup 
was dissolved in 150 cc. of hot ethyl alcohol. On cooling the solution a 0.75-g. portion 
of salt came out. This fraction of salt began to swell at 240' and melted a t  260-265" 
with decomposition. Rotation. 0.1513 g. made up to 15 cc. with water a t  20" gave 
an = -0.73; 1 = 1; [a]': -72.5. 

The filtrate was evaporated to 75 cc. and a 0.5-g. portion of salt came out on cooling. 
This fraction began to swell at 240' and melted at 261-267' with decomposition. Ro- 
tation. 0.2237 g, made up to 15 cc. with water at 20' gave err, =. - 1.11 ; 1 = 1 ; [a]': 
-74.6. 

The filtrate was evaporated to dryness and gave 1.65 g. of salt, which began to  swell 
a t  240' and melted a t  261-267' with decomposition. Rotation. 0.1952 g. made up to  
15 cc. with water a t  20' gave = -0.98; 1 = 1; [a]: -75.1. 
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Anal. Calcd. for C~BH~SOIZNZSZ: neut. equiv., 442. Found: 441. 
The di-morphine salt was insoluble in chloroform, benzene, petroleum ether, ethyl 

acetate and acetone. The salt was also insoluble in absolute ethyl alcohol, but after 
moistening the salt with a small amount of water it dissolved in ethyl alcohol quite 
readily. 

Strychnine Salt of 4,4'-Diaminodiphenyl-2,2'-disulfonic Acid.-A mixture of 5 g. 
of 4,4'-diaminodiphenyl-2,2'-disulfonic acid and 9.7 g. of strychnine was boiled for a half 
hour with 250 cc. of water. On cooling a 7.4-g. crop of salt melting at 310-318' (dec.) 
was obtained. Rotation. 0.2207 g. made up to 15 cc. with water a t  20" gave c u ~  = 
-0.33; 1 = 1; [a]Y -22.4. 

Anal. Calcd. for C&ISGOI~N&: Neut. equiv., 506.2. Found: 513. 
The filtrate was evaporated to 120 cc. and on cooling 2 3 g. of salt was obtained. 

The filtrate was then evaporated to dryness, giving 3.3 g. of salt melting at  310-318" 
with decomposition. Rotation. 0.3060 g. made up to 15 cc. with water at  20' gave 
a~ = -0.43; 1 = 1; [ a ] ~  -21.4. 

Brucine Salt of 4,4'-Diaminodiphenyl-2,2'-disulfonic Acid.-A mixture of 5 g. of 
4,4'-diaminodiphenyl-2,2'-disulfonic acid and 11.4 g. of brucine was gently boiled for a 
half hour with 250 cc. of water. On cooling a 7.5-g. crop of dibrucine salt melting a t  
310-313 ' (dec.) was obtained. Rotation. 0 2715 g. made up to 15 cc. with water a t  
2O0gave rn = -0.38; 1 = 1; [a]? -21.0. 

Anal. Calcd. for CssHsrO~rNsSz: neut. equiv., 566.2. Found: 576. 
The filtrate was evaporated to 190 cc. and on cooling a 5.5-g. crop of salt melting 

a t  311314" (dec.) was obtained. Rotation. 0.3010 g. made up to 25 cc, with water 
a t  20" gave CQ = -0.24; 1 = 1; [a]: -20 0. 

The filtrate was evaporated to dryness, giving 3 g. of salt melting a t  310-314O 
with decomposition. Rotation. 0.3107 g. made up to 15 cc. with water at  20' gave 
a~ = -0.52; 1 = 1; [a17 -24.6. 

Summary 

The di-brucine, di-quinine and di-morphine salts of diphenyl-2,2'- 
disulfonic acid, and the di-brucine and di-strychnine salts of 4,4'-diamino- 
diphenyl-2,2'-disulfonic acid have been prepared. Fractionation of these 
salts from several different solvents gave no indication of resolution. 
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[CONTRIBUTION FROM THE LABORATORY OF ORGANIC C ~ M I S T R Y  OF TULANE 

UNIVERSITY ] 

THE CHEMISTRY OF FURFURAL. 
THE PREPARATION OF TETRAETHYLDIAMINODIPHENYL- 

FURYLMETHANE HYDROCHLORIDE AND OF DIPHENYLFURYL- 
METHANE1 

BY S. A. MAROOD AND HELEN F. ALDRICH 

RECEIVED JULY 21, 1930 PUBI~SHED NOVEMBER 5, 1930 

Unlike benzaldehyde, furfural does not condense with the hydrogen 
atoms para to the amino group of two molecules of aniline when furfural 
and aniline are treated with a dehydrating agent, but condenses with the 
hydrogens of the amino group. For this reason, in the synthesis of the 
diphenylfurylmethane dyes, the amino hydrogen atoms must be absent as 
in the tertiary amines, or protected by the formation of a sulfate or acetyl 
derivative. 

In 1877, a t  the same time that he made malachite green, Otto Fischer2 
prepared, by the condensation of dimethylaniline and furfural, the first 
diphenylfurylmethane dye. He described the furyl analog as lighter in 

' 

color than malachite green and unstable to light. Renshaw and Miss 
Naylor3 found i t  darker than, and as stable as, malachite greem4 

This paper describes the preparation of tetraethyldiaminodiphenyl- 
furylmethane hydrochloride, from the condensation of diethylaniline and 
furfural, and the properties of this dye. 

From the figures given on the yields in the synthesis of the leuco base of 
this dye and of the oxidized product, it can be said that in neither case do 
the reactions involved proceed easily under the conditions maintained. 
The following conclusions may be added: (1) the replacement of a phenyl 
group of malachite green by the furyl group causes a change in the stability 
of the dye; (2) the ease of condensation of an aldehyde with an aromatic 
amine is decreased when a furyl group is substituted for a phenyl group in 
the aldehyde; and (3) diethylaniline condenses with furfural less readily 
than dimethylaniline. There is a possibility that the stability of these 
dyes might be increased by substitution in the a'-positions of the furan 
ring. 

Mahood and Harris5 were able to prepare the furan analog of the dye 
1 Abstract of a thesis presented by Helen F. Aldrich to the faculty of Graduate 

Studies of Tulane University in partial fulfilment of the requirements for the Degree of 
Master of Science, June, 1930. 

0. Fischer, Ber., 10, 1626 (1877). 
Renshaw and Naylor, THIS JOURNAL, $4, 862 (1922). 

4 Samples of silk treated with this dye were found by the authors of this paper to 
be more unstable to light than samples dyed with malachite green, when exposed to 
bright daylight for two weeks. 

6 Mahood and Harris, THIS JOURNAL, 46, 2810 (1924). 
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benzoflavin from m-toluylene-diamine sulfate, refluxed with furfural. 
Mahood and Fenner,6 however, were able to isolate, only in minute quanti- 
ties, any diaminodiphenylfurylmethane formed by the condensation of 
furfural with acetanilide, while Mahood and Martin7 were unable to isolate 
any of the above product from the condensation of furfural with aniline 
sulfate. 

Because diaminodiphenylfurylmethane was not isolated in quantity, the 
preparation of diphenylfurylmethane directly from the latter by diazotiza- 
tion, according to the method used by Otto Fischer to  prove the structure 
of the triphenylmethane dyes, was impossible. Mahood and Jordans 

attempted to prepare this compound by several methods. In each case 
they were unsuccessful, either because under the influence of the heat or 
reagents necessary the furfural polymerized before taking part in the re- 
action, or because no product could be i~olated.~ 

This paper also describes the preparation of the above product, diphenyl- 
furylmethane, by a synthesis which involves first transforming the furfural 
t o  a more stable derivative, pyromucic acid, and then treating the ethyl 
ester of the latter with phenylmagnesium bromide to obtain diphenylfuryl- 
carbinol, which on reduction with zinc and acetic acid gives the desired 
product. 

The combustion values given in the experimental data agree with the 
calculated values for diphenylfurylmethane. The temperatufe of the 
reduction was kept low to prevent the formation of a fluorene linkage be- 
tween the two phenyl groups. 

Experimental Part 
Preparation of Tetraethyldiaminodiphenylfury1methane.-In a 500-cc. flask were 

placed 61.5 g. of freshly distilled diethylaniline, 18.1 g. of refined furfural and 20 g. of 
fused zinc chloride, finely pulverized. The flask, connected with a reflux condenser 
and a mechanical stirrer, was heated on a water-bath for eleven hours. At the end of 
this time there was still much unchanged diethylaniline, but more prolonged heating 
did not increase the yield of the product. The somewhat viscous, dark colored reaction 
mixture was subjected to steam distillation in the same flask, to remove unchanged fur- 
fural and diethylaniline. The crystalline leuco base left behind in the flask after steam 
distillation was washed with water to remove excess zinc chloride, dissolved in alcohol, 
boiled with boneblack and filtered while hot. Light yellow crystals separated, which 
darkened on exposure to air. This product, on recrystallization from ligroin, melted 

6 Mahood and Fenner, "Tulane Theses," 1927, Vol. 2, p. 152. 
Mahood and Martin, "Tulane Theses," 1925, Vol. 3, p. 491. 
Mahood and Jordan, Science, 60,453 (1924). 
Recently, Peters and Fischer [THIS JOURNAL, 52, 2079 (1930) 1 have isolated 

impure phenylfurylcarbinol, the product which Jordan failed to isolate, and from which 
he intended to prepare the corresponding chloride, as a step in the synthesis of diphenyl- 
furylmethane. All efforts to chlorinate this carbinol were found, by Peters and Fischer, 
to result in the formation of resins. 



completely at  7S0 but softened several degrees below this. A yield of 22 g. or 31% was 
obtained in this way. 

Anal. Calcd. for GsHaNZO: N, 7.45. Found: N ,  6.82, 6.91. 
Preparation of Tetraethyldhminodipher~y~ethane Hydrochloride.-Follow- 

ing the proportions given by Gattenaann" for the oxidation of the Ieuco base of malachite 
green, the product obtained above was oxidized in acid solution with lead peroxide paste. 
The oxidation was carried on for two hours in the cold, accompanied by mechanical 
stirring. After elimination of the lead salts, the dye was precipitated as the double zinc 
chloride salt by means of a saturated solution of sodium chloride. A yield of 17.2% was 
obtained. 

This dye is crystalline and dark green in color. It dyes silk a yellower color than 
malachite green, and, in the lighter tones, gives a clear bright green. Dyed samples were 
fast to washing, but faded somewhat on two week's exposure to bright light, whereas 
samples dyed with malachite green were unaffected. 

Preparation of Diphenylfurylcarbino1.-Phenylmagnesium bromide was prepared 
according to Gitman,ll from 10 g. of magnesium and 76 g. of phenyl bromide, in the 
presence of 200 cc. of ether. When the reaction was complete, 75 cc. of toluene was 
added and the ether distilled off; 19.6 g. of ethyl pyromucate,le prepared from pyromucic 
acid,l3 was dissolved in 25 cc. of toluene and added to the Grignard reagent with sufficient 
rapidity to cause vigorous refluxing. The temperature maintained was about 112 O. 

When the reaction was complete, the cooled mixture was decomposed with ice to  
which the theoretical amount of 30% acetic acid had been added. The toluene layer 
was separated. After removal of the toluene and diphenyl by steam distillation, a 
crystalline mass of a light brown color was left behind. This residue was only slightly 
soluble in cold ligroin and could be recrystallized from this medium in the form of beauti- 
ful, light colored, rhombic crystals, melting at 91 (corr.).l4 Fine white crystals of the 
same melting point could also be obtained by precipitation from a dilute solution in 
87% ethyl alcohol, on the slow addition of water. After standing for a few days, these 
crystals of diphenylfuryl carbinol soften into a reddish mass. An 85Yo yield of this 
carbinol was obtained. 

Preparation of Diphenylfury1methane.-Three grams of the carbinol obtained 
above was dissolved in about 150 cc. of glacial acetic acid, in a large glass test-tube; 
15 g. of zinc dust was added in small amounts to the solution. During this time the 
contents of the test-tube were heated in a water-bath, the temperature of which was kept 
below 70". When the solution had changed in color from red to a pale yellow brown, 
it was poured into water and partially neutralized with sodium hydroxide. A spongy 
yellow precipitate, which hardened on drying, collected in a mass and was ground to a 
powder, washed until neutral and dried. I t  melted at  51' (corn.). The zinc residue 
left in the test-tube was further boiled with acetic acid. In this way more of the pre- 
cipitate was obtained. The product was unstable, softening in a few days to a gummy 
mass. I t  was soluble in alcohol, ether, ligroin and hot glacial acetic acid. The yield 
was 95% of the theoretical, calculated as diphenylfurylmethane. 

Anal. Calcd. for ClrHlrO: C, 87.14; H, 6.02. Found: C, 87.23, 86.83; H, 5.77, 
5.81. 

'0 L. Gattermann, "The Practical Methods of Organic Chemistry," translated by 
Schober and Babasinian, The Macmillan Co., New York, 1921, page 355. 

l1 H. Gilman, THIS JOURNAL, 51,1576 (1929). 
12 J .  Malaguti, Ann., 25, 276 (1838). 
13 "Organic Syntheses," John Wiley and Sons, Inc., New York, 1926, Vol. VI, p. 44. 
1 4  Hale, McNally and Pater, Am. Chem. J., 35, 68 (1906). These authors prepared 

this carbinol by a method essentially similar. They give 92.4' as its melting point. 
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Summary 

1. A new dye, tetraethyldiaminodiphenylfurylmethane hydrochloride, 
has been prepared and its properties have been determined. 

2. The parent compound of the diphenylfurylmethane dyes, diphenyl- 
furylmethane, has been obtained by reduction of the corresponding carbinol. 

NEW ORLEANS, LOUISIANA 

[CONTRIBUTION FROM THE CHEWICAL LABORATORY OF IOWA STATE COLLEGE] 

THE DISTILLATION OF GRIGNARD REAGENTS 

Introduction 
Solutions of Grignard reagents are mixtures of RMgX, RZMg, MgX2, 

R- and -MgX (or MgXz + Mg) in a series of equilibria. The following 
equilibria and dissociation reactions1 account for the compounds just 
mentioned. 

2 RMgX ++ RzMg 3- MgXz (1) 
RMgX R- + -MgX (11) 

In  order to lend additional support to these reactions, studies have been 
made on the sublimation and distillation of organomagnesium compounds. 
First, in an attempted high vacuum distillation of methylmagnesium 
chloride, a distillate or sublimate of magnesium dimethyl, free of halogen, 
was obtained.'" The magnesium dimethyl, a solid like magnesium di- 
ethylJ3 owes its formation undoubtedly to a displacement of the equilibrium 
pictured in Reaction I. Second, a search was made for a liquid organo- 
magnesium compound in order to facilitate a study of Reaction I. The 
relative stability of the liquid beryllium di-n-b~tyl ,~  suggested that greater 
success might be had with magnesium di-n-butyl. Accordingly, mag- 
nesium di-n-butyl was ~repared, '~ but unfortunately i t  also is a solid. 
Like its homologs, magnesium dimethyl and magnesium diethyl, it can 
also be sublimed in a high vacuum but less smoothly than the lower mem- 
bers of this series because of its lesser volatility or lesser stability a t  elevated 
temperatures or for both of these reasons. 

With this partial success, we turned to a method of distillation used 
earlier4 in a study of organoberyllium compounds, namely, ether distilla- 
tion. This method, which was highly successful for the distillation of solid 

Gilman and Fothergill, THIS JOURNAL, 51, 3149 (1929). This article contains 
leading references to other work. 

(a) Gilman and Brown, Rec. trav. chim., 48, 1133 (1929) ; (b) Gilman and Brown, 
ibid., 49, 724 (1930). 

a Gilman and Schulze, THIS JOURNAL, 49, 2328 (1927). 
Gilman and Schulze, 3. Chem. Soc., 2663 (1927). See also, Gilrnan and Schulze, 

THIS JOURNAL, 49, 2904 (1927), for organoberylliwn halides. 
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beryllium dimethyl, was found applicable to the magnesium dialkyls, 
which are, however, distinctly less volatile than the related beryllium 
dialkyls. After having demonstrated that magnesium dialkyls can be 
distilled by this procedure (see Experimental Part), a study was made of the 
ether distillation of RMgX compounds. When alkylmagnesium halides 
were treated in this manner, the distillate was found to contain the alkyl- 
magnesium halide. Unfortunately, however, this does not prove that the 
RMgX compound as such distilled over. This is so because we have shown 
that under the conditions of our distillation magnesium halide or its ether- 
ate also distils. Accordingly we are in no position as yet to state whether 
the RMgX compound contained in the distillate was due to the separate 
distillations of R m g  and of MgXz (see Reaction I), each of which is 
known to distil, or to the distillation of these two compounds and some of 
the RMgX as such. 

If equimolecular parts of RzMg and of MgXz distilled, then the ratio of 
Mg:X in the distillate should be one. In two analyses of a distillation of 
methylmagnesium iodide, the ratio Mg:I was found to be 1.105 and 1.092, 
respectively. These results merely indicate that almost equimolecular 
parts of R2Mg and MgIz distil, but they do not tell us whether any RMgI 
distilled. Even though the ratio agreed with the theoretical for Mg:I, 
we would still have no compelling evidence of the distillation of RMgX as 
such. Apart from our primary objective, the results are interesting in 
showing that RMgX or its equivalent (RzMg + MgX2) does distil, because a 
combination of RzMg + MgX2 reacts immediately1 to give RMgX. I t  may 
be possible to find a more definite answer with solvents other than ether. 

Apparently arylmagnesium halides cannot be distilled in this manner. 
At least, when phenylmagnesium bromide was used no magnesium di- 
phenyl and no magnesium bromide distilled during the eighteen consecutive 
full days of distillation. Just why the magnesium bromide which we know 
to be present in solutions of phenylmagnesium bromide was held back, we 
do not at  present know. From the distillation of this Grignard reagent 
there was isolated some diphenyl. This indicates that with RMgX com- 
pounds of this type it may be possible to remove6 the radical R- or its 
coupling or disproportionation product (see Reaction 11). 

6 Experiments with this in view are in progress with RMgX compounds like 
benzohydrylmagnesium chloride, (C&)&HMgCl. See Gilman and Zoellner, THIS 
JOURNAL, 52, 3984 (1930). Benzohydrylmagnesium chloride and related types. like 
triphenylmethylmagnesium chloride,' convert benzophenone to benzopinacol (studies 
by K. E. Marple). 

It may prove possible to prepare some RzMg compounds from Grignard reagents 
by distilling off the MgX, and leaving the RzMg behind. However, an apparently 
more general and satisfactory method for the preparation of RzMg compounds directly 
from Grignard reagents is that of Schlenk and Schlenk, Ber., 62, 920 (19291, wherein 
1.4-dioxane is used. 
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Experimental Part 
Apparatus.-The apparatus is shown in Fig. 1. I t  was constructed entirely of 

glass, and the long neck above the flask A (of about 150 cc. content) was indented to 
produce good fractionation and to prevent mechanically entrained particles from reach- 
ing the receiver B. A ring seal with a sharp edge was also sealed into the upper part 
of the neck of flask A to prevent any material from creeping out of A. The trap below 
the water condenser insured a flow of ether and other volatile substances in one direction 
only. It was found necessary to have the system sealed with a mercury test-tube seal 
because pressure was gradually built up in the system.6 

The manipulation and operation of the sys- 
tem is as follows. With the tubes C and D open, 
the apparatus is f i s t  thoroughly swept out with 
dry nitrogen. A solution of the Grignard re- 
agent or MgRl compound or MgXs compound 
was then carefully filtered through glass wool 
into tube C, while the nitrogen continued to 
Baw through D. Tubes C and D were then 
sealed off. An oil-bath was placed under flask 
A and the bath was maintained a t  a tempera- 
ture of 75-SO0 by a hot-plate during the course 
of the experiment. I n  cool weather a second 
hot-plate was placed under flask B to drive the 
ether over into the water condenser and to pre- 
vent an undue accumulation of ether in flask B. 
In warm weather sufficient heat radiated from 
the plate under A to keep the system in good 

A @  * balance and so make unnecessary a hot-plate 
under flask B. 

,,,/,,,,?,y, I, At the termination of the experiment, the 
'; @, heating of A was discontinued and the two tubes 

Fig. 1. leading to receiving flask B were sealed off. 
The smaller of these tubes was next opened to 

a source of nitrogen, and the contents of B were then investigated. With this appa- 
ratus7 we have found no evidence of creeping, and mechanical entrainment has appar- 
ently been annulled. Evidence in support of this is found in the experiment with phenyl- 
magnesium bromide wherein it was shown that the distillate contained neither halogen 
nor magnesium. 

Tests and Analyses.-The RpMg and RMgX compounds were tested qualitatively 

Gilman and St. John, B d .  soc. chim., 45, 1091 (19291, have shown that several 
typical Grignard reagents can be refluxed a t  moderately elevated temperatures for 
several days without any essential impairment in yield of product from the RMgX 
compound. Possibly the unusually long refluxing used in the present studies may 
result in a gradual decomposition of the ether or the rate of decomposition of RMgX 
compound over very long periods may be si&cant or both of these factors may be 
involved in the building up of pressure in the system. 

This apparatus has some essential improvements over that used in the beryllium 
dialkyl studies.' I t  is possible to use a simpler type of apparatus for the ether distilla- 
tion of other organometallic compounds such as zinc dialkyls which, incidentally, can 
be prepared in satisfactory yields by the reaction between zinc halides and Grignard 
reagents. 
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by the color test8 and quantitatively hy the acid titratioas method of analysis. Tby 
were further characterized by the preparation of a-naphthalides as derivatives.1° 

Time Required and QuanQties of Distillate in Ether Distillation.-In the ether 
distillation experiments with magnesium bromide, magsesium iodide, magnesium di- 
ethyl, methylmagnesium iodide, ethylmagnesium bromide, ethylmagnesium iodide and 
phenylmagnesium bromide about 0.1 mole of compound was used in 75-100 cc. of ether. 

With methylmagnesium iodide there was slight evidence of distillate (after distilling 
ether from receiver B) in about one week from the start of distillation. With ethyl- 
magnesium bromide and iodide there was no evidence of distillate until about the tenth 
day. Each distillation was run for eighteen full days, and the distillation when once 
started required practically no attention. This time was arbitrarily selected because i t  
gave a quantity of distillate which though quite small could nevertheless be analyzed. 
Duplicate distillations were made with practically every compound investigated. 

The acid titration of one distillate from methvfmamesium iodide indicated approxi- - - -. 

rnately 0.15 g. of distillate calculated as methylmagnesium iodide. The distillates from 
ethylmagnesium bromide and iodide were not titrated, but they appeared to  be some- 
what smaller. In  the phenylmagnesium bromide experiments the quantity of diphenyl 
isolated in each distillation was about 0.2 g. Its identity was confirmed by mixed melt- 
ing point determinations with an authentic specimen. 

The apparently inordinate time required for the ether distillation of appreciable 
quantities of compounds can probably be reduced by the use of other solvents or  com- 
binations of solvents. 

High Vacuum Sublimation.--The technique used for the high vacuum sublimation 
was that described earlier. Of the three magnesium dialkyls which were sublimed in a 
high vacuum, magnesium dimethyl was most volatile. Magnesium di-n-butyl was less 
volatile than magnesium diethyl. The same order applies to the relative thermal sta- 
bility of these compounds, magnesium dimethyl being most stable. A free flame was 
used in the distillation of the magnesium dialkyls, and methylmagnesium chloride was 
heated in an oil-bath. We have also shown that it is possible to sublime magnesium 
acetylacetone in a high vacuum. 

summary 
In connection with studies on the following systems present in solutions 

of Grignard reagents 
2RMgX -) RzMg + MgXz, and 
RMgX R- + -MgX 

it has been shown that some RMgX compounds, or their equivalents, can 
be distilled in a stream of ether. The high vacuum sublimation of RMgX 
compounds gives RzMg compounds. 

AMES, IOWA 

8 Gilrnan. Sweeney and Heck. THIS JOURNAL, 52, 1604 (1930). This article 
contains leading references to earlier studies on the color test. 

9 Giiman, Wilkinson, Fishel and Meyers, ibid., 45, 150 (1923); also Gilman, 
Zoellner and Dickey, ibid., 51, 1576 (1929). 

lo Gilman and Furry, ibid., 50,1214 (1928). 
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ACTION OF AROMATIC ALCOHOLS ON AROMATIC COMPOUNDS 
IN THE PRESENCE OF ALUMINUM CHLORIDE. V. 

BENZYLATION OF ORTHO-CRESOL 

BY R. C. HUSTON, H. A. SWARTOUT AND GLADYS K. WARDWELL 

In  September, 1923, an investigation was started in this Laboratory on 
the condensation of benzyl alcohol and 0-cresol in the presence of aluminum 
chloride. The main product of the reaction crystallized as hard flattened 
needles which melted a t  49.5-50.5O and gave analytical results which indi- 
cated a formula of C14H140. 

Holleman's amplification of tlie Beilstein rule1 would predict that the 
entering benzyl group would take a position ortho or para to the phenolic 
hydroxyl. In order definitely to prove this, the compound was heated in 
a closed tube with Zn(NH3)ClZ. The resulting amine was diazotized and 
reduced to the hydrocarbon, which was finally oxidized to m-benzoyl- 
benzoic acid. 

Our work with the condensation of primary and secondary aromatic 
alcohols with phen01,~ as well as the work of Rennie,3 Gattermann4 and 
others with similar reactions, led us to assume that the product containing 
the benzyl group in the para position to the phenolic hydroxyl would pre- 

dominate and we tentatively assigned the formula C)CHSC)OH. 
CH.3 

Final proof of this structure was found in the preparation of the isomeric 
1-methyl-6-benzylphenol by the Claisen method, as described later in this 
article. 

We were able to isolate from the petroleum ether mother liquor from 
which the 2-methyl-4-benzylphenol was crystallized a small amount of 
crystalline material which came down in bundles of very fine needles with a 
soft silky sheen. A melting point determination gave the rather surprising 
results of 49.5-50.5'. 

A higher-boiling fraction of the reaction product came over after repeated 
fractionation a t  225-227' (5 mm.) as a yellow oil from which we were 
unable to obtain crystals. Analysis gave results indicating a dibenzyl de- 
rivative of o-cresol, C21H200. Because of the powerful directing influence of 
the phenolic hydroxyl and the behavior of the compound toward strong 
alkali, we have called it 2-methyl-4,&dibenzylphenol. 

Holleman, Chem. Rev., 1, 187 (1924). 
Huston, THIS JOURNAL, 46, 2775 (1924) ; 49, 1366 (1927). 
Rennie, J. Chem. Sac., 41, 37 (1882). 

* Gattermann, Ber., 22, 1129 (1889); 23, 1199 (1890). 
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Upon application of the Claisen6 method of benzylation t o  O-cresol, we 
obtained a good yield of a benzylated derivative which was identical in 
melting point, boiling point, solubility and crystal appearance with the 
compound which we obtained from the mother liquors of the main product 
of the aluminum chloride condensation. Besides the 2 methyl-6-benzyl- 
phenol, the Claisen process gave a smaller amount of 2 methylphenyl benzyl 
ether. The o-methyl group of the cresol precluded the formation of a 
di-o-dibenzyl derivative. 

A short time after the experiment just described had been completed, 
Schorigin6 published a description of the benzylation of o-cresol by the 
Claisen method. He stated that 2-methyl-6-benzylphenol melted a t  51- 
52" and boiled at 182-188' (15 mm.). 

A comparison of the physical properties of the two monobenzyl deriva- 
tives (both of which melt a t  49.5-50.5') brings out some rather striking 
differences, aside from the difference in appearance of the crystals. 

2-Methyl-4-benzylphenol dissolves readily in the calculated amount 
of dilute potassium hydroxide (5%), is soluble in eighty-seven parts of 
petroleum ether (40-60') a t  20' and boils a t  167-169" (5 mm.). 

2-Methyl-6-benzylphenol is insoluble even in a large excess of dilute 
potassium hydroxide (5%). It dissolves when warmed in the equivalent 
amount of strong potassium hydroxide (50%), but separates out when an 
equal volume of water is added. It is soluble in 18.2 parts of petroleum 
ether a t  20". Its boiling point is seventeen degrees lower than that  of its 
isomer. 

The monobromo derivatives of the two monobenzyl cresols were pre- 
pared by treating them in chloroform solutions with the calculated amounts 
of bromine. In the case of 2-methyl-4-benzylphenol we assumed that  the 
bromine entered the phenolic ring in the only available ortho or para posi- 
tion with the formation of 6-bromo-2-methyl-4-benzylphenol. 

Making the same assumption, 2-methyl-6-benzylphenol would give 
4-bromo-2-methyl-6-benzylphenol. In this last case we were able to  prove 
the validity of the assumption by benzylating 2-methyl-4-bromophenol 
by the Claisen method to obtain the same product that was formed by the 
bromination of 2-methyl-6-benzylphenol. This gives additional proof of 
the structure of the last-named compound. 

The two monobenzyl derivatives were further characterized by the prep- 
aration of their benzoyl derivatives. It is worthy of note that  the 2- 
methyl-6-benzylphenol in which both ortho positions are occupied reacted 
much less readily under the Schotten-Baumann treatment than did the 
isomeric 2-methyl-4-benzylphenol. 

The following is a graphic outline of the field covered. 
Claisen, Ann., 442, 221 (1924). 

8 Schorigin, Ber., 58B, 2033 (1925). 
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B. p. 150-152' (5 mm.) M. p. 63-64' 

C6H~CH2Cltin toluene 
I 

ONa 

Experimental 
Benzyl Alcohol and o-Cresol with Aluminum Chloride.-A mixture of 100 g. of 

o-cresol, 100 g. of benzyl alcohol and 200 g. of petroleum ether (40-60 O) was placed in a 
tall vessel, surrounded by water and stirred mechanically while 65 g. of anhydrous 
aluminum chloride was added in small portions over a period of an hour. The tempera- 
ture was maintained at  3035". At times troublesome frothing occurred which was 
controlled by the addition of further portions of cold petroleum ether. When the 
evolution of hydrogen chloride had nearly ceased, the mixture was allowed to stand 
overnight. The brown semi-solid intermediate product was decomposed with ice and a 
little hydrochloric acid and extracted with ether. The ether extract was dried over 
potassium carbonate, the ether distilled off and the residue fractionated under reduced 
pressure. 

Fifth fractionation (5 mm.) 
90-150". . . . . . . . . . . . . . . . . . . . . . . . . . . .  .12 .2  g. 

150-170'. . . . . . . . . . . . . . . . . . . . . . . . . . . .  .51.5 g. 
170-215 ' . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 . 3 g .  
215-235'.. . . . . . . . . . . . . . . . . . . . . . . . .  26.2 g. 
Residue.. . . . . . . . . . . . . . . . . . . . . . . . . . . .  .13 .5  g. 

The first fraction was crude o-aesol. 
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The second fraction (150-170') crystallized. The crystals were pressed between 
filter papers and recrystallized repeatedly from petroleum ether. The purified com- 
pound melted at  49.5-50.5 O and boiled kt 167-169 e (5 mm.). I t  crystallized in clusters 
or rosets of fine brittle needles. Two 50-cc. portions of a solution of purified crystals 
in petroleum ether (40-60") a t  20 " gave on evaporation 0.5715 g. and 0.5743 g. of residue. 

Anal. Subs., 0.523: C a ,  0.4746; S O ,  0.0971. Calcd. for C l l t l~~O:  C, 84.8; 
H,7.12. Found: C,84.99; H.7.19. 

The filter papers which were used to remove the oily impurity from these crystals 
were extracted with ether and the ether extract was distilled. Two and one-half grams 
came over a t  150-155° (5 mm.). This crystallized when seeded with 2-methyl-6- 
benzylphenol (see p. 4488) and was further identified by bromination and by its benzoyl 
derivative. 

The 215-235" fraction was repeatedly distilled until most of it came over a t  226- 
227" (5 mm.). All attempts to induce this oil to solidify failed. It is insoluble in 
dilute potassium hydroxide. In  hot 50% potassium hydroxide it changed to a blue, 
gummy mass, but did not dissolve. Its ready solution in Claisen's alcoholic potassium 
hydroxide proved it to be a phenol. Its failure to absorb bromine readily when dis- 
solved in chloroform indicated that all positions ortho and para to the phenolic hydroxyl 
were occupied and justified the assignment of the structure 2-methyl-4,6-dibenzylphenol. 

Anal. Subs., 0.2147: C02, 0.6861; H20, 0.1343. Calcd. for CzoHzlO: C, 87.45; 
H, 7.00. Found: C, 87.62; H. 7.01. 

4-Ammo-3-methyl-dipheny1methane.-The phenol which formed the bulk of the 
150 to 170' fraction (b. p. 167-169') was mixed thoroughly in a mortar with twice its 
weight of zinc ammonia chloride and one-fifth its weight of ammonium chloride. The 
mixture was sealed in Carius tubes (care being taken not to fill each tube more than one- 
quarter full) and heated in a bomb furnace for twenty hours at  330 ". 

The reaction product was thoroughly shaken with hydrochloric acid (1:1), allowed 
to stand overnight and extracted with ether to remove the unchanged phenol. The 
acid solution was just neutralized with ammonium hydroxide and then treated with 
dilute sodium hydroxide to precipitate the amine. This came down as very fine light 
brown plates and was not further purified. Five grams was obtained from 50 g. of 
phenol. 

Preparation of 3-Methyldiphenylmethane and m-Benzoylbenzoic Acid.-Five 
grams of 4-amino-3-methyldiphenylmethane was dissolved in 15 g. of hydrochloric acid 
(sp. gr. 1.2) and diluted with 30 cc. of water, Sodium nitrite was added (in 10% solu- 
tion) until a positive test for nitrous acid was obtained with starch-iodide paper. The 
solution of diazonium chloride was added slowly to a well-cooled solution of 10 g. of 
sodium hydroxide in 30 cc. of water and reduced in the cold with sodium stannite (pre- 
pared from 20 g. of stannous chloride). Extraction with ether gave 0.6 g. of 3-methyl- 
diphenylmethane boiling a t  274-276O.1 This was oxidized by means of potassium 
dichromate and sulfuric acid to m-benzoylbenzoic acid melting a t  142-144°.8 

Benzylation of o-Cresol by the Claisen Method.-Twelve grams of sodium was 
melted under 130 cc. of toluene and shaken to produce "bid-shot" so

di

um. After 
cooling to room temperature, this was treated with 54 g. of a-cresof. The reaction ap- 
peared to be  complete a t  the end of two hours, but the mixture was gently heated for 
another hour under a reflux condenser. The flask was again cooled and 64 g. of benzyl 
chloride was added. After standing overnight, the mixture was refluxed on an oil-bath 
for five hours at  15&160°. When cool, the sodium chloride was removed by washing 

Ador and Riiliet, Ber., 12, 2300 (1879). 
W. Ann.. 220, 237 (1883). 



twice with water and the toluene was removed by distilling until the temperature 
reached 125 O. 

The residue was dissolved in 250 cc. of Claisen's alcoholic potash9 and shaken out 
with 200 cc. of petroleum ether (40-60") in 50-cc. portions. Distillation of the petro- 
leum ether extract gave 16 g. of 2-methylphenylbenzyl ether boiling a t  2S5-290".10 

The alcoholic solution left after extraction with petroleum ether was made dis- 
tinctly acid with hydrochloric acid (1:1), diluted untll the potassium chloride first 
formed was redissolved, and extracted three times with ether. Distillation of the ether 
left a reddish-brown oil, which was fractionated three times at  5 mm. Seventy-one 
grams came over at  140-160°, and solidified in the receiver. Repeated recrystslliza- 
tion from petroleum ether gave long white needles or fibers with a soft silky sheen which 
showed a tendency to form in bundles or a felted mass. The pure compound melted a t  
49.5-50.5' and boiled at  150-15Z0 (5 mm.) or a t  187-189' (15 mm.). This melting 
point differs from that recorded by Schoriginl' for 2-methyl-6-benzylphenol by 1.5". 
Two 50-cc. portions of a solution of the purified crvstals in petroleum ether saturated a t  
20' gave on evaporation 2.7210 g. and 2.7392 g. of residue. 

Anal. Subs., 0.1443: COa. 0.4473; HzO, 0.0915. Calcd. for CI4H1~O: C, 84.8; 
H.7.2. Found: C,84.5; I-I,7.07. 

We were unable to isolate a constant-boiling fraction from the higher-boiling residue. 

Bromine Derivatives 
6-Bromo-2-methyl-4-benzylphenol was prepared by treating 2-methyl-4-benzyl- 

phenol in chloroform solution with a molecular equivalent of bromine a t  0". Evapora- 
tion of the chloroform left an oil which distilled a t  180-182'' (5 turn.). The assignment 
of structure is based upon the assumption (which has been proved in many cases) that 
the bromine enters the phenolic ring and upon the directive influence of the hydroxyl 
group. 

Anal. Subs., 0.2582, 0.2071: AgBr, 0.1763, 0.1426. Calcd. for C14H130Br: Br, 
28.48. Found: Br, 28.68, 28.87. 

4-Bromo-2-methyl-6-benzylphenol was prepared in two ways: (a) by the bromina- 
tion of 2-methyl-6-benzylphenol in chloroform a t  O 0  and (b) by the benzylation of 4- 
bromo-2-methylphenol (m. p. 64') by the Claisen method. It recrystallized from 
petroleum ether in characteristic rosets. It melted a t  practically the same temperature 
as the unbenzylated phenol 63-64', and boiled a t  187-189 O (5 mm.). 

Anal. Subs., 0.2259, 0.2867: AgBr, 0.1550, 0.1961. Calcd. for ClrlHl~OBr: 
Br, 28.48. Found: Br, 28.82, 28.65. 

Benzoyl Derivatives 
The benzoyl derivative of 2-methyl-4-benzylphenol was readily prepared by the 

Schotten-Baumann reaction. It crystallized from petroleum ether or alcohol (75%) 
in small colorless rhombic crystals melting a t  54-55 ". 

The benzoyl derivative of 2-methyl-6-benzylphenol could not be prepared by the 
Schotten-Baumann reaction because of the insolubility of the phenol in dilute potassium 
hydroxide. When the latter compound was warmed with an equivalent amount of 
SOY0 potassium hydroxide it formed a solution which solidified on cooling. The crude 
potassium salt was warmed with an equivalent amount of benzoyl chloride. The re- 
action product was washed with water and distilled. It came over as a very viscous 

Claisen, Ann., 442, 224 (1924). 
lo Staedel, ibid., 217, 45 (1883). 
l1 Schorigin, Ber., 58B, 2033 (1925). 
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light yellow oil at 216-218' (5 mm.). This ester was more readily prepared from the 
phenol and benzoyl chloride by the pyridine method. 

Summary 
1. o-Cresol. was benzylated by means of benzyl alcohol in the presence 

of aluminum chloride. The main product was 2-methyl-4-benzylphenol. 
Smaller amounts of 2-methyl-6-benzylphenol and 2-methyl-4,6-dibenzyl- 
phenol were formed. 

2. Benzylation by the Claisen method gave an excellent yield of 2- 
methyl-6-benzylphenol. 

3. The monobromo derivatives and benzoyl derivatives of the two mono- 
benzylcresols were prepared. 

EAST LANSING, MICRIGAN 

RESEARCHES ON PYRIMIDINES. CXVII. A METHOD FOR THE 
SYNTHESIS OF NUCLEOSIDES 

The present generally accepted structure of a nucleic acid molecule is 
based chiefly on the results of experimental work by Levene and his co- 
workers. They represent it as being a tetranucleotide construction, in 
which the individual nucleotides are combined through phosphoric acid 
ester linkages as expressed in the formula of 
yeast nucleic acid I. In this acid the func- 0 

tioning sugar is d-ribose. H0~-O--CsH70~-CsH4Ns  
The approach to a synthesis of a nucleic H0 / 

acid molecule calls first for methods of O\ / O  
preparation of the pyrimidine and purine HO/ P - O - C S H ~ O ~ - C ~ H ~ O ~ ~  

nucleosides, which may be considered as the / 
glucosidic constructions characterizing the 0 \ \~~C1H,02-C4H40NI  
structure of nucleosides. If one accepts HO' 
Levene's conception of the constitution of 
pyrimidine-nucleosides, in support of which 

/ 
0>~-CsHaO~-CsH40Ns 

he has contributed considerable indirect HO 
I 

experimental evidence, the problem of nu- 
cleoside synthesis resolves itself into one of finding a practical method of 
coupling a sugar with a pyrimidine (uracil, thymine or cytosine) a t  the 
3-position of the ring. The purpose of this paper is to  describe a method 
of synthesis which has made it possible to obtain such a glucoside. 

A comprehensive study of the behavior of 2,6-dioxy- and 2-thio- or 2- 
alkyl mercapto-6-oxypyrimidines toward different alkyl halides in alkaline 

1 Sterling Research Fellow in Chemistry, 1928-1930. 
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solution by Johnson and his co-workers2 led to results which did not enable 
one to formulate definite rules predicting the favorable position of substitu- 
tion in such alkylation reactions. The active positions were 1 and 3 of the 
pyrimidine cycle forming nitrogen derivatives, and also the oxygen of the 
lactam grouping -CONH- forming cyclic imino ethers. Mixtures of 
mono- and di-substitution products were formed in varying proportions in 
practically every case examined. Other alkylating agents have also been 
used. Davidson and Baudisch3 found that dimethyl sulfate interacted 
with uracil to form exclusively 1,3-dimethyluracil. Case and Hill4 em- 
ployed diazomethane as an alkylating agent, but here also they obtained 
results quite in accord with the previous observations of Johnson. 

That direct alkylation of the pyrimidine and purine cycles is an un- 
successful method for the synthesis of nucleosides has been shown by 
Fischer5 and co-workers and more recently by Levene and S ~ b o t k a . ~  
The same general method was used by all these workers, namely, the action 
of acetobromoglucose or related combinations on the alkali or silver salts of 
purines and pyrimidines. The presence of a COMH linkage in both the 
pyrimidine and purine cycles favored the formation of glucosides which 
were easily decomposed by hydrolysis. These products were without 
doubt glucosides in which the sugar was attached to the ring in ether link- 
age. Fischer was able to obtain glucoside derivatives of purines in which 
the sugar was attached to the nitrogen of the imidazole ring only in those 
cases where the enolic isomerization of the cyclic acid amide grouping CO- 
NH of the ring was excluded, as in the case of theophyllin. Fischer con- 
fined his attempts at synthesis chiefly to purine combinations and only a 
few experiments were conducted with pyrimidines.' In both cases no 
products were obtained which resembled the natural nucleosides. 

Levene and Sobotkas made a rather comprehensive study of the action of 
' Johnson and Johns, Am. Chem. J., 34, 182 (1905); Johnson and Heyl, ibid., 37, 

628 (1907); 38, 237 (1907); Wheeler and Liddle, THIS JOURNAL, 30, 1152 (1908); 
Johnson and Clapp, J. Biol. Chem., 5, 49 (1908); Johnson and Derby, Am. Chem. J., 
40, 444 (1908); Johnson and Jones, ibid., 40, 538 (1908); Wheeler and Liddle, ibid., 
40, 233 (1908); Johnson and Jones, THIS JOURNAL, 31, 590 (1909); Wheeler and 
Johnson, Anz. Chem. J., 42, 30 (1909); Wheeler and McFarland, ibid., 42, 431 and 
1011 (1909); 43, 10 (1909); Johnson and Moran, ibid., 48, 307 (1912); Johnson and 
Zee, ibid., 49,287 (1913); Johnson and Bailey, THIS JOURNAL, 35, 1007 (1913); John- 
son and Haggard, ibid., 37, 177 and 2591 (1915); Johnson and Matsuo, ibid., 41, 782 
(1919); Johnson and Joyce, ibid., 38, 1385 (1916). 

Davidson and Baudisch, THIS JOURNAL, 48, 2379 (1926). 
* Johnson, Hill and Case, Proc. Nut. Acad. Sci., 8, 44 (1922); Case and Hill, 

THIS JOURNAL, 52, 1536 (1930). 
Fisher and Helferich, Ber., 47,210 (1914); Fischer, ibid., 47,1377 (1914); Fischer 

and Fodor, ibid., 47, 1058 (1914) ; Helferich and von Kuhlewein, ibid., 53, 17 (1920). 
(I Levene and Sobotka, J. Biol. Chem., 65,463,469 (1925). _ , Fischer, Ber., 47, 1377 (1924). 

Levene and Sobotka. J. Biol. Chem., 65,469 (1926). 
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acetobromoxylose on salts of pyrimidines. A great variety of substituents 
in the pyrimidine cycle were used so as to cover any possible change in 
reactivity of the molecule. The silver salts of 1-methyluracil, 5-nitro- 
uracil and 2-ethylmercapto-6-oxypyrimidine on treatment with aceto- 
bromoxylose led to the formation of oxygen ethers. The silver salt of 
cytosine did not react. The use of the potassium instead of the  silver salts 
was also unsuccessful. The great difference in behavior toward hydrolytic 
agents of these synthetic nucleosides and the natural uridine and cytidine 
was assumed as offering further indirect evidence that the sugar in the 
pyrimidine nucleosides is linked itx the 3-position of the ring. 

As a result of the recent work of Hilbert and Johnson,$ i t  is now possible 
to apply a method of alkylation which enables one to control substitution in 
the 3-position of the pyrimidine ring. This involves the reaction between 
a 2,6-dialkoxypyrimidine and an alkyl halide which interact in accordance 
with the equation below, &ing a 3-substituted pyrimidine IV. Con- 
structions of this type, IV, easily undergo hydrolysis, giving a normal 
uracil derivative of known structure. 

N=COCzH& N=COC2Hb N=COCzHs 
CHSI I 1 1 I 

C2HIOA AH -----t CfirOC CH -+ CO CH + 4 H 5 1  
/I 11 
N-CH 

I1 li 
CH3N-CH 

I I1 
CHaN-CH 

I 

It has now been found that an analogous reaction takes place by treating 
2,6-dimethoxypyrimidine with acetobromoglucose, yielding 2-oxy-6-meth- 
oxy-3-tetra-acetylglucosido-pyrimidine VI. The intermediate addition 
product V is unstable a t  50°, at  which temperature the reaction is carried 

N-COCHj N=COCHs NH-CO 
I I 

CHaOC CH --+ I I 
CO CH -+ I I 

CO C H  
II I I  

(Aceto-glucose)-N-CH 
I II I II  

(Aceto-glucose)-N-CH (Glucose)-N-CH 
I 
8, 
V VI VII  

out. The methyl bromide thus liberated also reacts with 2,6-dimethoxy- 
pyrimidine, yielding a large quantity of 2-oxy-3-methyl-6-methoxy- 
pyrimidine. The acetylated glucoside VI and 2-oxy-3-methyl-6-methoxy- 
pyrimidine were separated by taking advantage of their different solu- 
bilities in water, the former being insoluble and the latter very soluble. 
It was then easily purified by recrystallizing from 50% alcohol, from which 
it separated in long needles melting a t  220-221'. 

The 2-oxy-6-methoxy-3-tetra-acetylglucosido-pyrimidine VI was simul- 
taneously de-ethylated and deacetylated on treatment with alcoholic 

0 Hilbert and Johnson, THIS JOURNAL, 52, ZOO1 (1930). 
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hydrochloric acid, yielding 3-glucosido-uracil VII. In its chemical be- 
havior this is similar in every respect to the natural uridine. It is stable 
toward dilute hydrochloric acid, however, when the double bond is re- 
duced, forming 4,s-dihydro-3-glucosido-uracil; the latter is hydrolyzed with 
3% sulfuric acid, yielding glucose and hydrouracil. This remarkable 
reaction was originally shown to take place by Levene and LaForge10 with 
uridine, and the fact that our 3-glucosido-uracil parallels in its stability 
their findings would seem to be experimental evidence confirming the 
structure assigned to uridine. 

3-Glucosido-uracil was brominated, forming 5-bromo-3-glucosido-uracil, 
and when acetylated yielded 3-tetra-acetylglucosido-uracil. I t  also gave a 
negative Wheeler-Johnson color reaction," as is to be expected with a 
3-substituted uracil. 

This method for introducing a sugar on nitrogen should also be applicable 
t o  other ring systems such as quinolines, pyr:dines and pyrazolones and also 
t o  straight-chain compounds of the imino ether type. 

Experimental Part 
2-Oxy-6-methoxy-3-tetra-acetylglucosido-pymine-A solution of 2 g. of aceto- 

bromoglucose in 2 cc. of 2,6-dimethoxypyrimidine was placed in a stoppered tube and 
heated a t  50' for forty-eight hours. After twenty-four hours the contents of the tube 
solidified to a colorless crystalline mass. The odor of methyl bromide was noticeable. 
The reaction mass was triturated three times with 5-cc. portions of water. This water 
extract on standing deposited colorless needles which were identified as 3-methyl- 
uracil;12 yield, 1 g. The crude acetylated glucoside after treatment with water was 
usually in the form of a thick paste which solidified upon the addition of 5 cc. of ether. 
The solid was filtered by suction and thoroughly washed with ether to remove any utl- 

changed acetobromoglucose. I t  was then recrystallized twice from 50% alcohol, from 
which it separated as a mass of long needles melting a t  220-221 without decomposition; 
yield, 0.5-0.7 g. (23-32yo of the theoretical). 2-Oxy-6-methoxy-3-tetra-acetylgl~co- 
sido-pyrimidine is sparingly soluble in ether, slightly soluble in hot water, soluble in hot 
alcohol and very soluble in cold chloroform. The statement made in Science13 that it 
reduces Fehling's solution after treatment with hydrochloric acid is in error. 

Anal. Calcd. for C I ~ H ~ ~ O ~ I N ~ :  C, 50.00; H, 5.3; N, 6.14. Found: C, 50.60; 
H, 5.8; N, 6.16. 

The influence of the variation of the temperature and of the proportions of the 
reactants upon the yield of the nucleoside was thoroughly investigated. If the reaction 
was carried out a t  room temperature, two weeks were required for completion of the 
reaction; the yield was 5% of that required by theory. At a temperature of 80' crys- 
tallization started within a few hours. However, the yield was only 90J0. If equivalent 
amounts of the reactants were used the yield was not only very poor but the product 
was also more difficult to obtain pure because of the large preponderance of 3-methyl- 

lo Levene and LaForge, J. Biol. Chem., 13, 507 (1912-1913). 
l1 Wheeler and Johnson, ibid., 3, 183 (1907). 
lS 2-Oxy-6-methoxy-3-methyl-pyrimidine on standing in the aqueous extract is 

hydrolyzed to 3-methyluracil. 
Johnson and Hilbert, Scietzce, 69, 579 (1929). 
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uracil. In large quantity production the reaction was generally smooth. I n  one case, 
however, the end-product was partially deacetylated. This on treatment in the appro- 
priate manner with acetic anhydride yielded the desired 2-oxy-6-methoxy-3-tetra- 
acetylglucosido-uracil. 

3-Glucosido-uracil.-A solution of 9 g. of 2-oxy-6-methoxy-3-tetra-acetylglucosido- 
pyrimidine in 125 ec. of hot absolute methyl alcohol was treated with 30 cc. of a solution 
of dry  hydrochloric acid in absolute ethyl alcohol (22% hydrochloric acid by weight). 
The reaction mixture was allowed to stand a t  room temperature for twenty-four hours. 
During this time a solid cake of colorless chunky crystals separated. The product was 
filtered and after drying weighed 5.6 g. (97% of the theoretical). It was recrystallized 
from 90% alcohol, from which it separated in the form of hexagons which contained water 
of crystallization and melted between 195-203O, depending upon the rate of heating. 
The water of crystallization was very firmly bound and required heating a t  115" a t  2- 
mm. pressure for its complete removal.14 The anhydrous substance melted a t  207-209" 
with decomposition to a milky liquid. Its rotation is [a]: = $21.4 in aqueous solution. 

Anal. Calcd. for CloHl~0iN~(H20)~/l : HzO, 3.18. Found: HzO, 3.27, 3.41, 3.48. 
Anal. Calcd. for ClaHtd07Nz C, 43.80; H, 5.11; N, 10.22. Found: C, 43.56; 

H, 5.25; N, 10.12. 

3-Glucosido-uracil does not reduce Fehling's solution after boiling with various con- 
centrations of hydrochloric acid for several hours. I t  also gives a negative Wheeler- 
Johnson color reaction for pyrimidines of the uracil type. 

3-Tetra-acetylglucosido-uracil.-A gram of 3-glucosido-uracil was treated with a 
solution of 0.5 g. of anhydrous sodium acetate in 10 g. of acetic anhydride and heated on 
a steam-bath for two hours. The pyrimidine derivative rapidly dissolved, forming a 
solution with a pale yellow color. On pouring the reaction mixture into 40 cc. of ice 
water, an oil separated which on standing at  0' slowly crystallized. The solid was fil- 
tered, thoroughly washed with water and dried. After treatment with boneblack it 
was recrystallized twice from 50y0 alcohol, from which it separated in clusters of prisms; 
melting point, 154-155"; yield, 1 g. 

Anal. Calcd. for ClsHzzOnNz: N, 6.34. Found: N, 6.33. 

5-Bromo-3-glucosido-uracil.-Nine-tenths of a gram of 3-glucosido-uracil was 
treated with bromine water until the solution had a permanent pale yellow color. The 
water was removed by distillation under diminished pressure. A pale yellow, sirupy 
residue remained, which was dissolved in 15 cc. of absolute ethyl alcohol and the result- 
ing solution evaporated to dryness twice in an open vessel with constant stirring. The 
solid product was recrystallized twice from 90% alcohol, from which i t  separated as small 
colorless glistening prisms; yield 1 g. It contained 1% of water of crystallization and 
melted at  224' with effervescence, turning dark brown. The water of crystallization 
was very firmly bound and required drying at  115' at  2-mm. pressure for its complete 
removal. The decomposition point of the anhydrous 5-bromo-3-glucosido-uracil was 
238". I t  was extremely soluble in water and insoluble in organic solvents. The rota- 
tion was [a]2,6' + 10.3O in aqueous solution. 

Anal. Calcd. for ClOHlaO7N2Br: C, 33.99; H, 3.68; N, 7.93. Found: C, 34.18; 
H, 3.59; N, 8.04. 

4-5-Dihydro-3-glucosido-uracil.-A solution of 2 g. of 3-glucosido-uracil in 50 cc. 
of 80a/o alcohol was shaken with 0.2 g. of Adams and Shriner15 platinum oxide catalyst 

l4 Fischer6J found that the water of crystallization in the purine glucosides was 
also difficult to remove. 

'6 Adams and Shriier, Tms JOURNAL, 45, 2171 (1923). 
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and hydrogen under a pressure of 2-3 atmospheres. Reduction was completed in an 
hour. The catalyst was removed from the solution and the alcohol distilled under 
diminished pressure. A colorless sirup remained, which on trituration with absolute 
alcohol and scratching eventually solidified. The product was recrystallized from 100 
cc. of 90y0 alcohol, yielding 1.2 g. of anhydrous colorless diamond-shaped crystals; 
4,5-dihydro-3-glucosido-uracil turns slightly brown a t  220' and decomposes a t  238'. 
It is very soluble in cold water and insoluble in organic solvents. It showed [a]:' 
+9.3 " in aqueous solution. 

Anal. Calcd. for CloHle07Nz: C,  43.48; R, 5.80; N, 10.15. Found: C, 43.65; 
H, 5.66; N, 10.19. 

Hydrolysis of 4,s-Dihydro-3-glucosido-uracil with 3% Sulfuric Acid to 4,s-Di- 
hydrouracil and Glucose.-One and six-tenths grams of 4,5-dihydro-3-glucosido-uracil 
was dissolved in 50 cc. of 3y0 sulfuric acid and refluxed for two hours. The brown 
colored solution was treated with 8 g. of powdered barium carbonate and heated on a 
steam-bath until effervescence of carbon dioxide ceased and then finally filtered. The 
water was removed by distillation under diminished pressure and the crystalline residue 
dissolved in 5 cc. of boiling water, treated with boneblack and filtered. On cooling, 
colorless plates of 4,5-dihydrouracil separated; yield, 0.2 g. After recrystallizing from 
hot water the product melted a t  276-277". A mixed melting point with an authentic 
specimen was unchanged. 

'The filtrate from 4,5-dihydrouracil was treated with 0.8 g. of phenylhydrazine hy- 
drochloride and 0.6 g. of sodium acetate and heated on a steam-bath for a few hours. 
After heating a short time yellow needles of phenylglucosazone started to separate. 
After recrystallization from dilute alcohol i t  melted a t  207-208". A mixed melting 
point with a genuine sample was unchanged. 

Conclusion 

1. A method for the synthesis of pyrimidine nucleosides has been 
described. 3-Glucosido-uracil has been prepared by this procedure. 

2. 3-Glucosido-uracil is not hydrolyzed by dilute acids, whereas its 
reduction product, 4,s-dihydro-3-glucosido-uracil, is hydrolyzed by 3% 
sulfuric acid to hydrouracil and glucose. They thus behave similarly to 
uridine and its reduction product 4,5-dihydrouridine. This is believed t o  
be the strongest direct experimental evidence yet obtained in favor of the 
structure of uridine, being 3-ribosido-uracil. 
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THE REDUCTION OF PARA-DIMETHYLAMINOBENZIL' 
BY SANPORD S. JENIUNS~ WITH JOHANNES S. B U C ~  AND LUCIUS A. BIGBLOW 

RECEIVED JULY 30, 1930 P v s m a a ~  Novlrba~sa 6, 1930 

The work described in this paper is a continuation of that reported in an 
earlier communicationS which dealt with the catalytic reduction of a number 
of symmetrical a-diketones by means of a modified form of the Adarns ap- 
paratus, using hydrogen under pressure in the presence of a platinum-black 
platinum oxide catalyst. It seemed desirable to extend this study to in- 
clude the reduction of the unsymmetrical a-diketone, fi-dimethylamino- 
benzil, and this has led to some interesting and not altogether expected 
results. 

The starting material was obtained conveniently by oxidizing pdi- 
methylaminobenzoin, which in turn was prepared in the usual manner by 
condensing p-dimethyiaminobenzaldehyde with benzaldehyde in the pres- 
ence of potassium cyanide according to the method of Staudinger.' 

Upon reduction by the method already described, the benzil readily took 
up either one or two molecules of hydrogen, yielding in the one case the 
corresponding benzoin, and in the other, the analogous p-dimethylamino- 
hydrobenzoin, melting at 112O, which has not previously been reported. It 
was possible either to isolate the intermediate product, or not, as desired, 
without affecting the ultimate result. 

The hydrobenzoin, on treatment with a mixture of acetic and hydro- 
chloric acids, was readily dehydrated, with the production of p-dimethyl- 
arninodesoxybenzoin, melting at 128O, and this, on further catalytic re- 
duction, was converted without difficulty into the corresponding p-di- 
methylaminostilbene hydrate, melting at 78'. The hydrate lost a mole- 
cule of water in the presence of the acetic-hydrochloric acid mixture, 
forming the related stilbene, already known: and this on final catalytic 
reduction yielded, as would be expected, the saturated p-dimethylamino- 
diphenylethane, which melted at 63'. 

Up to this point, the results obtained did not differ in any essential re- 
spect from what might have been expected from the earlier work. When, 
however, an attempt was made to reduce the benzoin with tin and hy- 
drochloric acid in alcohol solution, two isomeric desoxy derivatives were 
obtained, and none whatever of the hydro compound, which is the sole 

1 This paper is constructed from portions of a thesis presented by Sanford S. 
Jenkins in partial fultilment of the requirements for the degree of Doctor of Philosophy 
in the Graduate School of Arts and Sciences, Duke University. 

8 Angier B. Duke Memorial Fellow, 1929-1930. 
J Buck and Jenkins, THIS JOURNAL, 51,2163 (1929). 
4 Staudinger. Be*., 46, 3537 (1913). 
6 l?. and L. Sachs. ibid., 38,515 (1905). 
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product of the direct hydrogenation. The existence of these isomers is 
possible, of course, upon theoretical considerations, but as the benzoin itself 
gave every evidence of being a single substance, the appearance of the two 
desoxy compounds a t  this point was not particularly expected. They are 
very easily separated, as one is quite soluble in dilute acid while the other 
is relatively insoluble in this reagent. The first, or a-p-dimethylamino- 
desoxybenzoin melted a t  128O, and was identical with the material obtained 
by catalytic dehydration of the hydro compound, while the other, or P- 
desoxy derivative, melted at 164'. 

Each of these substances, upon further reduction with hydrogen, yielded 
a corresponding stilbene hydrate. The a-derivative, as mentioned above, 
showed a melting point of 78O, and the @-compound, which has been de- 
scribed in the l i tera t~re ,~  fused a t  60°. Both lost water under the influ- 
ence of the acetic and hydrochloric acid mixture, forming one and the same 
stilbene, identical with that already described. 

A sample of P-p-dimethylaminostilbene hydrate was prepared by the 
Sachs method. It melted a t  60°, and when mixed with some of the corre- 
sponding material prepared by reducing the desoxy compound, the melt- 
ing point was not depressed. From this it follows that the structures of 
the two isomers are as follows 

(CH~)~NCBH~CH~CHOHC~H~ (CHz)tNCsH4CHOHCHzCsH, 
a-p-Dimethylaminostilbene 0-p-Dilnethylaminostilbene 

hydrate, m. p. 78' hydrate, m. p. 60' 

Furthermore, the desoxybenzoins from which these coimpounds are 
derived by reduction may reasonably be assumed to possess corresponding 
structures, in which the (CHOH) group is replaced by (CO). 

The changes which have been described may conveniently be represented 
by the diagram. 

It will be noticed that in this scheme one formula has been assigned arbi- 
trarily to the benzoin, which itself is capable of existing in two isomeric 
modifications. The reasons for this will be set forth in another paper, 
which will deal with the structure of this benzoin. It may be stated a t  this 
point, however, that while the appearance of two desoxy derivatives made 
i t  seem likely that the benzoin itself might be a mixture of isomers, repeated 
efforts to  separate i t  into a- and P-components have not been successful. 

Experimental 
p-Dimethy1aminobenzoin.-This substance was prepared according to the method 

of Staudinger, already cited. I t  crystallized in prisms melting a t  163-164'. 
P-Dimethy1aminobenziI.-This compound resulted from the oxidation of the 

corresponding benzoin with concentrated Fehling's solution as recommended by Staud- 
inger. Ten grams of the benzoin yielded 9.0 g. of benzil (90% of calcd.), which, after 
crystallization from alcohol, melted a t  115-116°. 

pDimethylaminobenzoin by the Catalytic Reduction of the Benzi1.-In this pro- 
cedure, the modified form of the! Adams apparatus, already described, was used. An 
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( C H ~ ) ~ N ~ C O C O C )  

Benzil, m. p. 115-6' 

4.. HZ 

(CH~)ZN=.CHOHC) + (CH,)~N<CHOH~CHOHC) 

Benzoin, m. p. 163-164' Hydrobenzoin, m. p. 112O '1 X \ 
a 

( c H ~ ) ~ N C ) C O - C ~ ~  (C&)ZN(II)CHI.CO<I) 

8-Desoxy compound, m. p. 164O a-Desoxy compound, m. p. 128O 

iHz 
(CH~ZNC>CHOH.CHZ~ 

4.2 

(CH~)ZN<CHZ.CHOHC) 

@-Stilbene hydrate, m. p. 60' y or-Stilbene hydrate, m. p. 78' 
(Sachs' compound) 

~ - H Z O  

(CHI)ZN~CH=CH(T~) 5 ((cH~)z.N~cH~cH~C) 

Stilbene, m. p. 148" Diphenylethane, m. p. 63' 
THE REDUCTION OF p-DIMETHYLAMINOBENZIL 

accurate calibration showed that when 0.01 mole of pure benzoin (unsubstituted) took 
up 0.01 mole of hydrogen, forming hydrobenzoin, the gage showed a drop in pressure of 
12 lb. Glacial acetic acid was found, after a number of trials, to be the best solvent. 
Accordingly, 2.50 g. (0.01 mole) of p-dimethylaminobenzil, 0.05 g. of platinum oxide 
and 50 cc. of glacial acetic acid were placed in the apparatus, and the reduction carried 
on a t  room temperature until the requisite drop in pressure was obtained. It should 
be noted that in mixing the reagents it is best to add the solvent last, to prevent spon- 
taneous ignition of the mixture. After filtering off the catalyst, the solution was di- 
luted with an equal volume of water and the precipitated benzoin filtered and dried. It 
weighed 1.62 g. (68% of calcd.), and, after one crystallization from alcohol, was obtained 
as white prisms which melted a t  163-164' (corr.). A mixed melting point with a sample 
prepared by Staudinger's method showed no depression. 

p-Dimethy1aminohydrobenzoin.-This material was prepared in a manner similar 
to that described above, except that absolute alcohol proved to be the best solvent, and 
the reduction was allowed to proceed until the gage registered a drop in pressure of 25 
lb., which required about thirty minutes. After removal of the catalyst, the solvent 
was evaporated under reduced pressure, and the product crystallized twice from ligroin 
(b. p. 60-70'). Two and one-half grams of the benzil yielded 2.3 g. of the hydro deriva- 
tive (90% of the theoretical), as snow white prisms, melting at 112O (corr.). 

Anal. Calcd. for CleHl%NOz: N, 5.44. Found: N (Kjeldahl), 5.44, 5.50. 
or-p-Dimethylaminodesoxybenzoin. (First Method.)-The a-desoxy compound 

was formed without difficulty by dehydrating the hydrobenzoin just described. Ac- 
cordingly, 5.1 g. (0.02 mole) of the substance was heated for twenty minutes with 40 cc. 
of a mixture of glacial acetic acid and hydrochloric acid. (sp. gr. 1.19) 4 :  1 by volume. 
After adding 200 cc. of water, the solution was neutralized with sodium carbonate and 
the yellow precipitate filtered off and recrystallized from alcohol. The product was 
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obtained in white prisms melting a t  128' (corr.), and weighed 3.5 g. which is 70% of 
the theoretical. 

Anal. Calcd. for CIBH~~NO: N, 5.85. Found: N (Kjeldahl), 5.82, 5.95. 
p-p-Dimethy1aminodesoxybenzoin.-It is interesting to note that while this isomer 

is formed readily in the reduction of the benzoin with tin and hydrochloric acid, not a 
trace of it appeared in the dehydration of the hydrobenzoin just described. A mixture 
of 20 g. of p-dimethylaminobenzoin, 16 g. of mossy tin, 30 CC. of hydrochloric acid 
(sp. gr. 1-19), 80 cc. of alcohol and 0.5 g. of CuS04.5H10 was heated under a reflux 
condenser for five hours, after which the unchanged tin was filtered off, the solution 
diluted with 100 cc. of water, and allowed to cool somewhat. After a short time crystals 
began to form and another 100 cc. of water was added. The mixture was allowed to 
stand in a cool place for two hours, and the product finally filtered off and recrystallized 
from alcohol. A yield of 9.0 g. was obtained, which consisted of white or a t  times cream- 
colored plates, melting at  164" (corr.). A mixed melting point with the original benzoin, 
which also melted a t  163-164O, showed a large depression. 

Anal. Calcd. for QsH1iNO: C, 80.33; H, 7.11; N, 5.85. Found: C, 80.34; 
H, 7.22; N (Kjeldahl), 5.78. 

a-p-Dimethylaminodesoxybenzoin. (Second Method.)-The solution from which 
the 0-desoxy compound had been filtered (see above) was made alkaline with sodium 
carbonate. and a large precipitate obtained. This was separated, washed well with 
water. sucked as dry as possible and extracted twice with boiling alcohol. The com- 
bined extracts were evaporated to a volume of 50 cc. and allowed to cool. The crystals 
which separated weighed 7.0 g. and, after recrystallization from alcohol, formed white 
prisms, melting a t  128'. A mixed melting point with a sample of the a-desoxybenzoin 
obtained by the dehydration of the hydro compound showed no depression. The com- 
bined yield of the a- and &isomers was 16.0 g., which is 8574 of the theoretical. 

Anal. Calcd. for C,&I1~NO: C, 80.33; H, 7.11; N, 5.85. Found: C, 80.31, 
80.55; H, 7.27, 7.36; N (Kjeldahl), 5.92. 

a-p-Dimethylaminodesoxybenzoin 0xime.-This compound was prepared by 
dissolving 2.0 g. of the corresponding desoxybenzoin, and 1.0 g. of hydroxylamine hydro- 
chloride in 10 cc. of pyridine and heating the mixture on the water-bath for three hours. 
After this, 100 cc. of water was added and the solution allowed to crystallize. The prod- 
uct was filtered, washed with water, dried, and recrystallized from ligroin (b p. 95- 
98 "). It separated in long white needles melting a t  139' (con.). 

Anal. Calcd. for c~sHl&zO: N, 11.02. Found: N (Kjeldahl), 11.00, 11.20. 
j3-B-pDimethylaminodesoxybenzoin 0xime.-This oxime was formed in exactly 

the same manner as the corresponding a-compound. I t  separated from alcohol in 
white prisms melting a t  142 (corr.). A mixed melting point with the a-oxime showed a 
large depression. 

Anal. Calcd. for CleHlJV20: N, 11.02. Found: N (Kjeldahl), N, 10.90. 11.02. 
a-p-Dimethylaminostilbene Hydrate.-Two and four-tenths grams (0.01 mole) 

of a-p-dimethylaminodesoxybenzoin, 0.10 g. of platinum oxide and 50 cc. of absolute 
alcohol were heated to 60' and shaken with hydrogen until the pressure had dropped 
13 Ib., which required two hours. The catalyst was filtered off, and the solvent re- 
moved under reduced pressure. The crude product was crystallized from ligroin 
(b. p. 95-98') and separated in long colorless needles, weighing 2.25 g. (93% of calcd.) 
and melting at 78' (corr.). 

Anal. Calcd. for ClsHlsNO: N, 5.80. Found: N (Kjeldahl), 5.79, 5.87. 
6-p-Dimethylaminostilbene Hydrate. (First Method.)-Considerable d'iculty 

was experienced in the catalytic reduction of j3-P-dimethylamiiodesoxybenzoin, as slight 
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amounts of impurities appeared to  inhibit the reaction entirely. However, after 
repeated crystallization from alcohol, a pure white product was obtained which would 
reduce slowly. Two and four-tenths grams (0.01 mole) of the desoxy derivative. 0.10 
g. of platinum oxide and 1013 cc. of absolute alcohol were shaken with hydrogen a t  60' 
for four hours, after which the catalyst was filtered off and the solvent evaporated under 
reduced pressure. The product crystallized from ligroin (b. p. 95-98"} in clusters of 
colorless needles weighing 2.10 g. (85% of calcd.) and melting at 60' (corr.). 

8-pDimethylaminostilbene Nydrate. (Second Method.)-As this stilbene hydrate 
has been described in the literature, the writers have prepared a sample of i t  by  Sachs' 
method, already cited, in which pdimethylaminobenzaldehyde is reacted with benzyl- 
magnesium bromide. The product separated in 62% yield from ligroin (b. p. 95-98') 
as white needles, melting a t  60' (corr.). When the material of known structure was 
mixed with that prepared by catalytic reduction, the melting point was not depressed. 

p-Dimethylaminosti1bene.-To prepare this substance, 5.0 g. of p-p-dimethyl- 
aminostilbene hydrate was heated for twenty minutes with a mixture of glacial acetic 
acid and hydrochloric acid (sp. gr. 1.19) 4:l by vol., after which the solution was diluted 
with 200 cc. of water, neutralized with sodium carbonate and the precipitated product 
filtered. This was recrpstallized from alcohol and separated in colorless scales, weighing 
4 g. (90% of calcd.) and melting a t  148'. a-p-Dimethylaminostilbene hydrate, 
treated in exactly the same manner, gave an 80% yield of the stilbene, which melted 
a t  148'. and a mixture of the two also fused at 148'. 

p-Dhethy1aminodiphenylethane.-To prepare this compound, 2.23 g. (0.01 
mole) of p-dimethylaminostilbene, 0.05 g. of platinum oxide and 50 cc. of glacial acetic 
acid were shaken with hydrogen a t  room temperature for twenty minutes, after which 
time the pressure had dropped 12 lb. The catalyst was filtered off, the mixture di- 
luted with 200 cc. of water and neutralized with sodium carbonate. The precipitated 
product was filtered, washed and recrystallized from 60% alcohol. It weighed 1.80 g. 
(80% of calcd.) and formed nearly white flakes melting at  63" (corr.). 

Anal. Calcd. for CIsHlsN: N, 6.22. Found: N (Kjeldahl), 6.35,6.52. 
Addition Product of Methyl Iodide to pDimethy1aminodiphenylethane.-This 

substance resulted when methyl iodide was added to a solution of p-dimethylamino- 
diphenylethane in absolute ether. The mixture was allowed to stand overnight and the 
product crystallized out in white plates melting a t  260-262' (uncorr.). 

Anal. Calcd. for C I ~ H ~ ~ N I :  I, 34.6. Found: I (Pringsheim), 34.3. 

Summary 
1. The complete series of reduction products of p-dimethylaminobenzil 

has been studied. 
2. The corresponding benzoin, which seems to be a single substance, 

yielded the two theoretically possible desoxy derivatives upon reduction 
under suitable conditions. These compounds in turn can be reduced 
further to form two isomeric stilbene hydrates. Seven new substances have 
been prepared and characterized. 
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THE REDUCTION OF CYSTINE IN LIQUID AMMONIA BY 
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From a consideration of amino acids as ammono compounds i t  would 
seem likely indeed that liquid ammonia would be a most suitable solvent 
for the study of not only these substances, but also of the simple derivatives 
of the amino acids and possibly for the investigation of the more complex 
derivatives, the proteins. A study of the solubilities of a number of amino 
acids in liquid ammonia showed they were quite soluble in most instances. 
Of particular interest to us was the ready solubility of cystine in this 
medium, in contrast to its behavior in water. In view of this fact i t  was 
decided to investigate the possibility of the reduction of cystine to cysteine, 
the sulfhydryl form, by means of metallic sodium. It was found that this 
reaction readily takes place and, in fact, affords an excellent method for the 
preparation of cysteine. 

The general applicability of a solution of sodium in liquid ammonia as a 
reducing agent has been demonstrated by numerous  investigator^.^^^ The 
experimental procedures outlined below, however, involve the first re- 
corded case which we know of in which reduction of the disulfide linkage 
t o  the sulfhydryl group has been effected in this manner. 

The slight possibility of a change in cystine itself on treatment with 
liquid ammonia and subsequent evaporation was eliminated by the quanti- 
tative recovery of the cystine having an unchanged rotation. Preliminary 
reactions were then run to prove that the reduction of the cystine actually 
leads to the formation of cysteine. Benzylcysteine was obtained in very 
good yield by adding benzyl chloride directly to the reduced cystine solution 
in the liquid ammonia. This procedure is the simplest method for the 
preparation of this derivative of cysteine and should offer a general method 
for the preparation of similar derivatives. The reduced cystine solution 
obtained after evaporation of the ammonia and careful neutralization in 
the cold with acid gave a very strong positive nitroprusside test and a very 
strong Sullivan reac t i~n .~  The nitroprusside test was carried out in the 
usual fashion in aqueous solution but later i t  was found that the reaction 

1 A preliminary report of this paper was given before the meeting of the American 
Society of Biological Chemists in Chicago, March 26-29, 1930. 

2 This communication is an abstract of a thesis submitted by H. S. Loring in 
partial fulfilment of the requirements for the Degree of Master of Science in Chemistry 
a t  the University of Illinois. 

Kraus and White, THIS JOURNAL, 45, 768 (1923). 
White and Knight, ibid., 45, 1780 (1923). 

6 Sullivan, Public Health Repts., U. S. P. H. S., 44, 1599 (1929). 
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could be carried out directly in the liquid ammonia. Sodium nitroprusside 
dissolves in liquid ammonia and gives a deep purple-red color with cysteine. 

The amount of sodium required for the reduction of the cystine was next 
investigated. It is well known that sodium dissolved in liquid ammonia. 
gives a deep blue solution. The disappearance of this blue color was used 
as the end-point in the reaction with cystine. To a weighed amount of 
sodium dissolved in liquid ammonia in a liquid ammonia titration appa- 
ratus, described by Johnson and Ferneliu~,~ cystine was added very slowly 
until the blue color disappeared. It was found that four atoms of sodium 
were necessary to reduce one molecule of cystine. 

For completeness of reduction probably the best criterion is the optical 
rotation. Vickery and Leavenworth7 had come to this same conclusion in 
their study of the formation of cysteine when cystine is precipitated with 
silver sulfate. They based their conclusions on the great difference be- 
tween the rotation of lev0 cystine and the positive rotation of cysteine 
obtained from the reduction of levo cystine. Andrewss in his study of the 
reduction of cystine obtained cysteine hydrochloride with a rotation of +9 O 

calculated as cysteine from cystine having a rotation of - 2 1 5 O .  This 
positive rotation of cysteine hydrochloride was confirmed by Vickery7 in 
the above-mentioned work. Bergmann and Michalis

g 
have recently 

published a method for the preparation of cysteine depending on catalytic 
reduction with palladium black. These investigators obtained free cys- 
teine, which had a negative rotation of - 10.14' in water solution, but a 
positive rotation of +6.g0 in 1 N acid solution. In the present work the 
rotations of the reduced solutions were followed and found in a great num- 
ber of runs to have values close to +7 O. In a number of runs higher values 
were obtained, in one instance + 12 ". 

The method for the preparation of cysteine suggested by the present 
investigation is particularly simple where the presence of sodium chloride 
and a trace of ammonium chloride is not undesirable. For the preparation 
of the free cysteine hydrochloride it is necessary to extract the mixture with 
alcoholic hydrochloric acid and recrystallize the extracted cysteine hydro- 
chloride from 20% hydrochloric acid. Free cysteine can then be prepared 
in the usual manner by dissolving the hydrochloride in alcohol and precipi- 
tating the cysteine by exactly neutralizing with ammonium hydroxide. 
The method is particularly advantageous where it is desirable to  avoid the 
introduction of traces of heavier metals in the preparation of cysteine. 

Experimental 
The liquid ammonia used in the actual preparation of cysteine was obtained from 

Johnson and Fernelius, J. Chem. Ed., 6,441 (1929). 
Vickery and Leavenworth, J. Biol. Chem., 86, 129 (1930). 
Andrews, ibid., 68, 209 (1926). 
Bergmann and Michalis, Ber., 63, 987 (1930). 
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the usual standard laboratory tank. In  those experiments in which the molecular ratio 
of sodium to cystine was determined, the ammonia was dried over metallic sodium 
in an auxiliary tank, and then passed into the titration apparatus, where it was condensed 
by means of a bath of solid carbon dioxide in ether. 

The cystine was prepared by the method given in "Organic Syntheses,"lo the 
samples having specific rotations of -205' to - 208'. 

Determination of the Molecular Ratio of Sodium to Cystine.-The liquid ammonia 
titration apparatus6 used consists of a cylindrical flask 26 cm. long and 3.5 cm. in diime- 
ter. A weighing tube is fitted by means of ground-glass connection into a side arm 2 em. 
in diameter, located approximately 8 cm. from the top of the apparatus. A second side 
arm, 7 mm. in diameter, is located opposite the first and contains a stopcock. The 
flask is closed by means of a ground-glass stopper, through which a 7-mm. tube also con- 
taining a stopcock passes to the bottom of the flask. 

Approximately 40 cc. of liquid ammonia was condensed into the titration apparatus 
after all the air had been displaced by f i s t  passing ammonia through the flask. A 
carefully weighed piece of sodium was then quickly added through the side arm of the 
apparatus; the mixture was stirred by bubbling gaseous ammonia through the solu- 
tion until the sodium had dissolved. Cystine was then added slowly from the dropping 
tube, which had previously been weighed. The addition was continued until the blue 
color due to free sodium had just disappeared. The amount of cystine was then deter- 
mined by the difference in the weight of the tube before and after the addition of the 
cystine. The values of the ratios found are given in Table I. 

Grams Moles used Molecular ratio 

Run No. 1 
Wt. of sodium 0.3648 0.01586 4.092 
Wt. of cystine .9302 .003876 1.0 

Run No. 2 
Wt. of sodium 0.185 0.008043 4.179 
Wt. of cystine .462 .001925 1 . O  

The fact that the amount of sodium used was very slightly higher than the theo- 
retical may be explained by the presence of a small amount of sodium hydroxide, which 
formed during the weighing, and the transference of the sodium to the reaction flask. 

Preparation of Benzy1cysteine.-The presence of a sulfhydryl group in the liquid 
ammonia solution was shown by a positive sodium nitroprusside reaction. To prove 
the presence of cysteine, benzylcysteine was prepared. An ammonia solution of the 
reduced cystine as obtained above was allowed to evaporate spontaneously a t  room 
temperature. The flask containing the residue was evacuated to remove the last traces 
of ammonia. A part of the solid remaining was tested for cysteine by the Sullivan 
reaction,$ and was found to give a strong positive test. The remainder was treated 
with benzyl chloride by the method of Gortner and Hoffman1' for the preparation of 
benzylcysteine. On acidifying the solution with acetic acid, a large white precipitate 
formed. This was filtered, washed and recrystallized from boiling water; m. p. 214' 
(uncorr.); m. p. of benzylcysteine, 213'. This product was soluble in dilute hydro- 
chloric acid and sodium hydroxide and gave a negative nitroprusside reaction. 

lo "Organic Syntheses," John Wiey and Sons, Inc., New York, 1925, Vol. V, pp. 
39-41. 

11 Gortner and Hoffman, J. BBi. Chem., 72,444 (1927). 
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Anal. Calcd. for C~~ISOSNS:  N, 6.63. Found: N, 6.64,6.39. 
Benzylcysteine in Liquid Ammonia Solution.-Weighed amounts of cystine were 

reduced with sodium as described above. To the resulting colorless solution the 
theoretical amount of benzyl chloride (two moles of benzyl chloride f o r  every mole of 
cystine) was added slowly with stirring. The ammonia solution was evaporated 
and the sodium salt remaining was dissobed in water and acidified with acetic acid. 
Benzylcysteine separated out and was purified by recrystallization from hot water; 
m. p. 212" (uncorr.). Yields of about 70% of the theoretical were obtained. 

And. Calcd. for CoHlrOsNS: N. 6.63. Found: N, 6.74,6.88. 
Recovery of Cystine from the Reduced Solution.-To determine whether racemiza- 

tion had taken place during reduction, the material obtained after evaporation of the 
ammonia solution was dissolved in water, neutralized with dilute hydrochloric acid and 
allowed to stand in contact with air for several days. Cysteine is readily oxidized under 
these conditions. White particles separated from the solution. Upon recrystallization 
of this precipitate from dilute acid by the addition of sodium hydroxide, characteristic 
hexagonal plates of cystine were obtained with an optical rotation of -210°. The op- 
tical activity of the original cystine was -208O. 

Preparation of Cysteine Solutions and their Optical Activity.-In preparing cys- 
teine solutions for measurements of the optical rotation, it was found that the reaction 
could be carried out best in a 100-cc. graduated cylinder, cooled in the carbon dioxide- 
ether cooling bath. A typical procedure consisted in dissolving a weighed amount of 
sodium, approximately 0.5 g., in about 40 cc. of liquid ammonia, and adding approxi- 
mately 1 g. of cystine from a weighing bottle, leaving an excess of sodium in the solution. 
The amount of cystine used was accurately determined. The resulting blue solution, 
which contained an excess of sodium, was then neutralized by the addition of an amount 
of ammonium chloride equivalent to the sodium used (1.16 g. for 0.5 g. of sodium). The 
mixture, which contained sodium chloride and the ammonium salt of cysteine, was 
evaporated to dryness a t  room temperature in the absence of air. To remove traces of 
free ammonia the cylinder was evacuated and finally flushed with oxygen-free nitrogen. 
The mixture of salts remaining was dissolved in a small volume of cold air-free water 
(26 cc.) and enough standard acid was added to make an approximately 17, solution in 
1 N acid (75 cc. of 1.3 N hydrochloric acid). This solution was then forced over by 
means of a pressure of nitrogen into a polariscope tube for determination of the optical 
rotation. The values found are given in Table IT. 

Cystine 

a% 

205 " 
205 O 

208" 
208 " 
208' 
208 O 

208" 

W t .  of cystine 
reduced, g .  

0.2699 
4.2352 
2.0580 
0.8065 
1.2341 
1 .3456 
1.1203 

en, calcd. as 
cysteine 

122a 
523 
4 
5 28 

3" 
7a 
531 

Fvidence of 
decontpositiona 

Negative 
Slightly positive 
Slightly positive 
Negative 
Negative 
Slightly positive 
Slightly positive 

" Tested by bubbling pure nitrogen through the solution and passing the gases 
obtained through a solution of neutral cadmium sulfate. 

When the salt remaining after evaporation of the ammonia was acidified directly, 
it was found that considerable decomposition with the liberation of hydrogen suliide 
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and the formation of a cloudy solution took place. This decomposition could be re- 
duced and in many cases entirely prevented by the use of an ice-salt cooling bath during 
the  addition of the acid to  the water solution. The liberation of hydrogen sulfide during 
t h e  reduction of cystine with zinc and hydrochloric acid has been mentioned by Okuda.12 
I n  a few experiments in which cystine was reduced with tin and hydrochloric acid, we 
have also found small amounts of hydrogen sulfide t o  be liberated. 

Preparation of Cysteine Hydrochloride and Free Cysteine.-The preparation of 
pure cysteine hydrochloride involves its separation from the sodium chloride and small 
amounts of ammonium chloride present in the reaction mixture. The reduction as 
described above is carried out in a Dewar test-tube and the ammonia solution evaporated 
t o  dryness. The sodium salt remaining is dissolved in a small amount of cold 95% al- 
cohol and then acidified with cold 2 N alcoholic hydrochloric acid. The precipitate of 
sodium chloride is filtered and washed several times with alcoholic hydrochloric acid. 
The  filtrate and washings are evaporated to  dryness a t  45' under diminished pressure 
in a n  atmosphere of nitrogen, and the residue recrystallized from a small volume of 
hot 20% hydrochloric acid; 3.44 g. of pure cysteine hydrochloride was obtained from 10 
g. of cystine. An approximately lyo solution of this product in 1 N hydrochloric acid 
had a n  optical rotation of 4.4" a t  28'. 

Preparation of Cysteine.-Free cysteine may be prepared by dissolving the hydro- 
chloride in a small volume of absolute alcohol a t  room temperature and neutralizing 
with a solution of ammonia in absolute alcohol. The precipitate of free cysteine is fil- 
tered, washed with alcohol and ether and remains as a white powder. On standing an 
aqueous solution of this material deposits a white precipitate, which when recrys- 
tallized from dilute acid with sodium hydroxide gives characteristic hexagonal plates of 
cystine. 

Summary 

Cystine is soluble in liquid ammonia and can be reduced readily by 
metallic sodium in this medium. The reduction product has been shown 
to be cysteine. 

A new method for the preparation of cysteine has been worked out on the 
basis of this reaction. 

Benzylcysteine was prepared by adding benzyl chloride directly to the 
liquid ammonia solution of cysteine which had been prepared by the sodium 
reduction method. This procedure offers an exceptionally convenient 
method for preparing this and similar derivatives. 

URBANA, ILLINOIS 

l2 Okuda, J. Biochem., 5, 220 (1925). 



Nov., 1930 ROTENONE. XX 4505 

ROTENONE. 
IX. ALKALI FUSION OF SOME DERIVATIVES OF ROTENONE 

The rotenone molecule is generally assumed to consist of two component 
parts joined by a chain of carbon atoms containing the carbonyl group. 
On treatment with alcoholic potassium hydroxide, tubaic acid, a mono- 
hydroxy monocarboxylic acid of formula C12H1204 is obtained, which is 
converted into isotubaic acid1 (rotenic acid) by fusion with potassium 
hydroxide or by treatment with sulfuric acid, Isotubaic acid is obtained 
directly by alkali fusion of rotenone or from isorotenone either by fusion or 
by treatment with alcoholic potassium hydroxide. Butenandtl has as- 
sumed that the rotenone molecule is cleaved a t  the carbonyl group either 
by hydrolysis or oxidation, because dihydrodesoxyrotenone, in which the 
carbonyl group is not present, is stable toward alkalies. 

Tubaic and isotubaic acids are very closely related, differing from each 
other in the position of the reducible double bond. The characteristic 
nucleus of tubaic acid is assumed to be present in the rotenone molecule. 

Of the four oxygen atoms of tubaic acid, two are contained in the carboxyl 
group, one is present as a hydroxyl group and the fourth cannot be brought 
into reaction and therefore is assumed to be in the form of an ether linkage, 
in which form it  is also supposed to be present in rotenone itself. 

In  a previous article2 we reported that isotubaic acid is formed from 
derritol under the same conditions as from rotenone. This fact seems re- 
markable since all six of the oxygen atoms in derritol can be characterized 
with certainty, as it had been shown that derritol contains no indifferent 
oxygen but a phenolic group in addition to the original carbonyl, lactone 
and two methoxyl groups of r~ tenone .~  The acid which Butenandt ob- 
tained in minute quantity by boiling derritol in strong alcoholic potassium 
hydroxide solution may have been tubaic acid.l In the process of fusion 
the tubaic acid which is first formed is isomerized into isotubaic acid. 

Since all the oxygen atoms in derritol are accounted for, i t  must follow 
that the indifferent oxygen in isotubaic acid is formed in the process of 

1 In  this article we have used the word isotubaic acid instead of rotenic acid for 
the reason that the hydroxyl derivative obtained by elimination of the carboxyl group 
was named rotenol by Takei after this word had been used by Butenandt, Ann., 464,253 
(1928), to designate the zinc alkali reduction product of rotenone. This older name 
should be retained and the more logical isotubaic acid and isotubanol substituted for 
the terms rotenic acid and rotenol. 

H. L. Haller and F. B. LaForge, THIS JOURNAL, 52, 2480 (1930). 
3 (a) A. Butenandt, Ann., 464, 253 (1928); (b) F. B. LaForge and L. E. Smith, 

THIS JOURNAL, 52, 1088 (1930). 
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fusion and that the characteristic grouping of tubaic acid is not part of the 
derritol molecule, but must be regarded as a secondary decomposition 
product. Whether or not the nucleus of tubaic acid is actually part of the 
rotenone molecule is therefore open to doubt, even though the isomerization 
of rotenone to isorotenone and of tubaic to  isotubaic acid may be due to the 
shifting of a double bond in the side chain, as is now accepted. 

These considerations led us to subject a number of characteristic rotenone 
derivatives to the alkali fusion process in order to determine which of them 
yielded acids of the tubaic acid type. 

The method employed was in all cases essentially the same as that de- 
scribed for the preparation of isotubaic acid from r ~ t e n o n e . ~ , ~  

Both derritol and isoderrito16 yielded isotubaic acid but the yield was 
less in the case of isoderritol. Dehydrorotenonel also gave isotubaic acid. 
Dihydroxyrotenonic acid, C23H2408 (Derris saure, Butenandt) and its iso- 
mer, isodihydroxyrotenonic acid, which on oxidation with hydrogen 
peroxide in alkaline solution yield derric acid,6 also gave isotubaic acid on 
alkali fusion. 

Rotenol (Butenandt),' which is supposed to contain no carbonyl group 
but a secondary alcoholic group in its place, contrary to our expectation, 
gave a yield of isotubaic acid three times greater than that obtained 
from rotenone. 

It has been generally assumed that the carboxyl group in tubaic and iso- 
tubaic acids arises from the ketone group in rotenone which joins the two 
halves of the molecule, one of which corresponds to tubaic acid and the 
other t o  derric acid. The fact that isotubaic acid is easily obtained from 
rotenol on fusion with alkali contradicts this assumption. The possibility 
that the hydroxyl group is oxidized to the ketone group during the fusion 
process still remains, but the smooth manner in which the fusion proceeds, 
the slight amount of charring which takes place, and the greater yield of 
isotubaic acid incline us to doubt that this has happened. 

On fusion of dihydroderritol methyl ether,3b a small quantity of a meth- 
oxyl-free phenolic acid was obtained which melted a t  186' and gave the 
same color reaction with ferric chloride as did isotubaic acid. However, 
when this acid was mixed with isotubaic acid the melting point was twenty 
degrees lower than the melting point of isotubaic acid, and it could be 
sharply distinguished from isotubaic acid by an optical examination of the 
crystals, as well as by its different solubility in 40% alcohol. In  another 
attempt to obtain a larger quantity of this acid, five grams of dihydro- 
derritol methyl ether was fused with alkali under slightly different condi- 
tions, but in this case dihydrotubaic acid was obtained. 

S. Takei, Biochem. Z., 157, 1 (1925). 
F B. LaForge and L. E. Smith, THIS JOURNAL, 51,2574 (1929). 

V. B. LaForge and L. E. Smith, ibid., 52, 1091 (1930). 
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All the derivatives mentioned above contain either the original lactone 
group of rotenone, or, as in the case of the two dihydroxyrotenonic acids, 
the hydrolyzed lactone group. 

The lactone group of rotenone and most of its derivatives may also be 
opened by catalytic hydrogenation, with the formation of acids.6 By this 
process rotenonic acid, C23H2406, is obtained from rotenone and correspond- 
ing acids are obtained by this reaction from dehydrorotenone, rotenol and 
derritol methyl ether.3"xcept in the case of rotenone, the double bond 
originally present is also reduced by this process, and the dihydro acids are 
obtained. Several acids of this type were fused with potassium hydroxide 
in the usual manner, but in no case could isotubaic or diiydrotubaic acid be 
obtained. In most of the experiments only a very small quantity of a 
crystalline product could be isolated from the reaction mass, and in the case 
of rotenonic acid, the acid obtained could not be crystallized. 

In the case of dehydrodihydrorotenonic acid6 and dihydrorotenolic acid3b 
a small quantity of a phenolic acid was obtained, but i t  was definitely 
established by crystallographic methods that it was neither isotubaic acid 
nor dihydrotubaic acid. 

Such of the above-mentioned compounds as gave isotubaic or dihydro- 
tubaic acids contain the lactone group, or this group has been opened by 
hydrolysis, and i t  may be concluded that the hydroxyl group resulting from 
the opening of the lactone ring is necessary for the formation of isotubaic or 
dihydrotubaic acid. 

The fact that isotubaic acid is obtained from rotenol (Butenandt) contra- 
dicts the theory that cleavage takes place a t  the carbonyl group, and the 
results as a whole indicate that tubaic acid may be a secondary cleavage 
product of rotenone. 

Experimental 
Alkali Fusion of Derrito1.-Two grams of derritol was intimately mixed with 2 g. 

of finely powdered potassium hydroxide in a nickel crucible, and 1 cc. of water was 
added. Eighteen grams of powdered potassium hydroxide was then added, and the 
mixture heated in a metal-bath. The reaction mass was held a t  205-210' for one hour 
with constant stirring. The temperature of the metal-bath was 250-270". The  melt 
was then slowly poured onto cracked ice and the resulting dark reddish-brown solu- 
tion was saturated with carbon dioxide. The solution, after being filtered t o  remove a 
small quantity of tarry matter which sometimes separated, was acidified with dilute 
sulfuric acid and extracted four times with ether. The combined ether extracts were 
dried over sodium sulfate and the ether was removed. The remaining tarry residue 
was extracted with boiling petroleum ether (b. p. 57-70'). On concentrating this 
extract, isotubaic acid was obtained. The yield was 0.2 g. It was recrystallized 
from 40v0 alcohol. It melted a t  184' and its optical properties7 were identical with those 
of isotubaic acid. A mixture of this substance and isotubaic acid obtained from iso- 
rotenone had a melting point of 183 ". 

7 We are indebted to Mr. George L. Keenan of the Food and Drug Administration 
for the determination of the optical properties. 
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The conditions described for the alkali fusion of derritol were duplicated as closely 
as possible in the fusion of the other compounds. 

Alkali Fusion of Roteno1.-Two grams of rotenol on fusion a t  200-210" for one-half 
hour yielded 0.65 g. of substance. After recrystallizing from 40% alcohol, it melted a t  
184". and its optical properties were identical with isotubaic acid. When it was mixed 
with authentic isotubaic acid, the melting point was 184 ". 

Alkali Fusion of Isoderrito1.-Two grams of isoderritol was fused in the manner de- 
scribed for derritol except that the water was omitted. The fusion temperature was 
205", which was maintained for one-half hour. The yield of substance from petroleum 
ether was about 0.1 g. After recrystallizing from 40% alcohol, it melted a t  182", and 
its optical properties could not be differentiated from those of isotubaic acid. When it 
was mixed with isotubaic acid, the melting point was 182'. 

Alkali Fusion of Dihydroderritol Methyl Ether.-Two grams of dihydroderritol 
methyl ether was fused in the usual manner a t  205' for one-half hour. The acid ob- 
tained from petroleum ether was recrystallized from 25% alcohol. It melted a t  about 
174" and lost carbon dioxide a t  180°. The melting point varied with the rate of heating. 
It was methoryl free. In alcohol solution it gave a blue color with ferric chloride which 
could not be differentiated from the color given by isotubaic acid under the same con- 
ditions. However, its optical properties did not agree with those of isotubaic acid, and 
when it was mixed with isotubaic acid the melting point was 160 ". 

Anal. Subs., 0.0214: required 1.08 cc. N/10 alkali; 0.0204 g. subs. required 1.01 
N/10 alkali; acid number calcd., 198, 201. 

I n  an attempt to prepare a larger quantity of this acid, 5 g. of dihydroderritol 
methyl ether was fused, but dihydrotubaic acid was obtained. The acid melted a t  
168" and a mixture of this acid and dihydrotubaic acid had a melting point of 168". 

Alkali Fusion of Dihydroxyrotenonic Acid.-Two grams of acid was fused a t  205" 
for one-half hour in the usual manner except that the water was omitted. The acid 
obtained melted a t  184O and was identified as isotubaic acid by its optical properties 
and its melting point when mixed with isotubaic acid. 

Alkali Fusion of Isodihydroxyrotenonic Acid.-This substance when fused in the 
usual manner yielded isotubaic acid, which was identified in the manner described above. 

Alkali Fusion of Dehydrorotenone.-Two and onc-half grams of dehydrorotenone 
on fusion in the usual manner a t  205' for one-half hour yielded isotubaic acid, which was 
identified as described above. 

Alkali Fusion of Rotenonic Acid.-Two grams of rotenonic acid was fused in the 
manner described above with and without the addition of water, but in no instance was 
it possible to obtain a crystalline derivative. Dihydrorotenonic acid behaved similarly. 

Alkali Fusion of Dehydrodihydrorotenonic Acid.-Two grams of dehydrodihydro- 
rotenonic acid on fusion in the usual manner yielded a small quantity of acid, which was 
recrystallized from dilute alcohol. It melted somewhat indefinitely a t  175'. Its crys- 
tallographic properties were totally different from those of dihydrotubaic acid. 

Alkali Fusion of Dihydrorotenolic Acid.-Two grams of dihydrorotenolic acid was 
fused in the usual manner a t  205' for half an hour. On recrystallization from dilute 
alcohol a very small quantity of acid was obtained which melted a t  159' but not sharply. 
When mixed with dihydrotubaic acid the melting point was 135-140°, with previous 
softening a t  125'. The optical properties of the compound were found to be different 
from those of dihydrotubaic acid. 

Summary 
Several derivatives of rotenone have been submitted to the alkali fusion 

process. 
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Derritol, isoderritol, rotenol, dihydroxyrotenonic acid and isodihydroxy- 
rotenonic acid on alkali fusion yielded isotubaic acid. 

Rotenonic acid, $S well as several other derivatives of rotenone in which 
the lactone group was opened by catalytic reduction, did not give isotubaic 
or dihydrotubaic acid on fusion with alkali. 

Compounds which gave isotubaic or dihydrotubaic acid contain the lac- 
tone group or this group has been opened by hydrolysis. The conclusion is 
drawn that the hydroxyl group resulting from the opening of the lactone 
ring is necessary for the formation of isotubaic or dihydrotubaic acid. 

The fact that rotenol gives isotubaic acid contradicts the theory that 
cleavage of the molecule takes place at  the ketone group. 

The nucleus of tubaic acid does not exist in derritol as such, but is a 
secondary decomposition product. Perhaps it does not exist in rotenone. 

Substance 

Derritol 
Isoderritol 
Rotenol 
Dihydroxyrotenonic acid 
Isodihydroxyrotenonic acid 
Dehydrorotenone 
Dihydroderritol methyl ether 
Rotenonic acid 
Dehydrodihydrorotenonic acid 
Dihydrorotenolic acid 

WASHINGTON, D. C. 

Product of alkali fusion 

Isotubaic acid 
Isotubaic acid 
Isotubaic acid 
Isotubaic acid 
Isotubaic acid 
Isotubaic acid 
Dihydrotubaic acid 

. . . . . . , .  
Unidentified phenolic acid 
Unidentified phenolic acid 

[CONTRIBUTION FROM THE DEPARTMENT OF RESEARCH IN PURE CHEMISTRY, MELLON 

INSTITUTE OF ~NDUSTRIAL RESEARCII, ~NIVERSITY OF PITTSBURGH] 

THE COMPOSITION OF SALKOWSKI'S ARABAN 
BY C. L. BUTLER AND LEONARD H. CRETCHER 

RECEIVED AUGUST 6, 1930 PUBLISHED NOVEMBER 5, 1930 

Introduction 
Most of the methods devised in the attempt to prepare pure xylans have 

involved the use of alkaline copper solutions in the process of purification.' 
I t  was shown by Salkowski that no precipitate was formed when Fehl- 

ing's reagent was added to a solution of gum arabic, but that on further 
addition of sodium hydroxide a precipitation was brought about. The 
substance precipitated was hydrolyzed with 2% sulfuric acid and formed 
large amounts of arabinose. On oxidation of the hydrolysate with nitric 
acid, there was no evidence of the formation of mucic acid. Because of 
these facts, Salkowski called the substance an araban. 

1 Salkowski, Z. physiol. Chem., 34, 162 (1901) ; 35, 240 (1902) ; 117, 48 (1921) ; 
Henser and Braden, J. prakt. Chem., 103, 69 (1921); 104, 259 (1922); Link, THIS 

JOURNAL. 51,2506 (1929); 52, 2091 (1930). 
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Inasmuch as the original gum is known to contain galactose, the precipi- 
tation with copper would naturally seem to be a method for the concen- 
tration of *the arabinose present in the gum. In fact, the procedure has 
been used with this end in view.2 

Though xylans have been prepared which were largely if not wholly 
polymers of xylose, most of the arabans are known to form other sugars as 
well as arabinose on hydr~lysis,~ It is probable that the pentosan ob- 
tained from beet pectin by Ehrlich4 is more nearly a true araban than any 
described previously. This substance gave 90.8% of crystalline arabinose 
on hydrolysis. 

In order to throw further light on a rather confused subject, we have 
reinvestigated Salkowski's araban. It was analyzed according to methods 
given by Van der Haar.6 The results obtained show that the so-called 
araban contains even less arabinose than arabic acid (the ash-free gum). 
For purposes of comparison, the analysis of the araban and of arabic acid 
are given in Table I. 

ANALYSES 
Araban Arabic acid 

Pentose (as arabinose) 28.8 34.4 
Methyl pentose (as rhamnose hydrate) 12.7 14.2 
Hexose (galactose) 41.1 42.1 
Uronic acid (glucuronic)" 19.5 - 15.5 - 

Total 102.1 106.2 
" That the methylpentose and aldehyde acid in gum arabic are rhamnose and glu- 

curonic acid, respectively, was shown by the present authors [Butler and Cretcher, THIS 
JOURNAL, 51,1519 (1929)l. 

The presence of glucuronic acid has been confirmed by Weinmann" 
and by Heidelberger and Kendall.' 

Experimental Part 
Preparation of Salkowski's Arab-.-One hundred grams of gum arabic was dis- 

solved in 2 liters of warm distilled water. To the warm solution was added one liter 
of Fehling's solution (made by mixing 500 cc. of solution containing 34.65 g. of copper 
sulfate crystals and 500 cc. of solution containing 125 g. of potassium hydroxide and 175 
g. of Rochelle salt). The alkaline copper solution of gum arabic was stirred whiie con- 
centrated sodium hydroxide solution (300 g. per liter) was added until no further pre- 
cipitation took place. About 500 cc. of alkaline solution was required. The precipitate 

For example, see Onslow, "Practical Plant Biochemistry," second edition, p. 55. 
Kurt Hess, "Die Chemie der Zellulose," Leipzig, 1928, p. 46. 
Ehrlich and Sommerfeld. Biochem. Z., 168,299 (1926). 
Van der Haar, "Anleitung zum Nachweis zur Trennung und Bestimmung der 

Monosaccharide und Aldehydesauren," Berlin, 1924 pp. 61,71, 123. 
Weinmann, Ber., 62, 1637 (1929). 
Heidelberger and Kendall, J.  Bwl. Chem., 84,639 (1929). 
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settled in a few minutes. The blue mother liquor was decanted and the blue precipi- 
tate was pressed between cotton cloth and filter paper. It was dissolved in 150 ce. of 
1: 1 hydrochloric acid and precipitated by the addition of one liter of 95% alcohol. The 
precipitate was allowed to settle and the alcoholic liquor was then decanted. The pre- 
cipitate was washed with three successive portions of alcohol. I t  was redissolved in 
100 cc. of water and again precipitated by alcohol. The product was washed and dried 
for several hours in vacuum a t  70". The samples weighed 51 g. and contained only 
traces of copper. a = -2.85" where1 = Zand C = 3.94; ( U ) D  -36.2". 

Anal. Subs., 0.982: C01 (Lefhre method), 0.0435. Found: 4.43% " 0 0 2 ,  equiva- 
lent to 19.5% uronic acid. Subs., 0.491: mucic acid, 0.134. Found: galactose, 
41.1. Subs., 0.491: alcohol-soluble furfural phloroglucid, 0.033; alcohol insoluble 
furfural phloroglucid, 0.155. From the latter figure was deducted 0.032 g. to allow for 
the phloroglucid due to uronic acid.8 Faand: methyl pentose (as rhamnose hydrate), 
12.7; pentose (as arabinose), 28.8. 

Summary 

The araban of Salkowski has been shown not to be a simple polymer of 
arabinose but to contain arabinose, galactose, rhamnose and glucuronic 
acid in about the same proportion as they are present in ash-free gum 
arabic. 

P r r r s s m c ~ ,  PENNSYLVANIA 

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, YALE UNIVERSITY] 

RESEARCHES ON PYRIMIDINES. CXVIII. 
MOLECULAR REARRANGEMENTS IN THE 

THYMINE SERIES 

Hilbert and Johnson discovered that 2,6-dimethoxypyrimidine interacts 
with bromo-acetoglucose giving an acetyl derivative which is converted by 
hydrolysis into a 3-glucoside of uraciL2 namely, "glzccuridine." This fact 
was the incentive to develop the present paper, which deals with new re- 
arrangements in the thymine series. 

Thymine 

2,6-Dimethoxy-5-methylpyrimidine I11 A'c(ocH~)=NcH=c(cH~)&(ocH~) 
2-0xy-3,5-dimethyl-6-methoxy- 

pyrimidine IV &CON(CH~) CH=C(CHI)&(OCHI) 

8 Ref. 5, p. 75. 
Chemical Foundation Research Fellow, 1929-1930. 
Hilbert and Johnson, Science, 69, 579 (1929); THIS JOURNAL, 52, 200 (1930). 
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I 1 
2,6-Dioxy-1,3,5-trimethylpyrimidine V I  N(CH3)CON(CH3)CH=C(CH3)C0 

11 
2,6-Diethoxy-5-methylpyrimidine VII NC(OC~HS)=NCH=C(CH~)~(OC~H~) 

il 
2-Oxy-3,5-dimethyl-6-ethoxypyrimidine VIII &CON(CH~)CH=C(CHI)C(OCZH~) 
2-Oxy-3-ethyl-5-methyl-6-ethoxy- 

pyrimidine IX &CON(C~H~)CH=C(CH~)&(OC,H,) 

The work was started with the investigation of 2,6-dimethoxy-5-methyl- 
pyrimidine, 111, which is described by Gerngross,S who made it by reduction 
of 2,6-dimethoxy-4-chloro-5-methylpyrimidine with zinc dust and hydro- 
chloric acid. The same compound was, however, prepared for our work by 
another method. Starting with thymine I, 2,fi-dichloro-5-methylpyrimi- 
dine TI was made by treatment with phosphorus oxychloride as described by 
Steudel and Kosse14 and the latter then converted into 2,6-dimethoxy-5- 
methylpyrimidine I11 by the action of sodium methyIate. We now find 
that the imido ester linkages in this compound are very susceptible to 
change, and the methyl groups show a great tendency to migrate to the 
adjacent nitrogen atoms of the pyrimidine ring. By heating at 200' for 
forty-eight hours a quantitative rearrangement to 1,3-dimethyl-thymine 
VI is obtained. Interaction with methyl iodide led to the formation of 2- 
oxy-3,5-dimethyl-6-methoxypyrimidine IV. The structure of this com- 
pound follows from the fact that it gives 3-methylthymine V quantitatively 
when the methoxy group is destroyed by hydrolysis with hydrochloric acid. 

After having discovered this characteristic behavior of 2 6-dimethoxy-5- 
methylpyrirnidine 111, we hoped to obtain a nucleoside of thymine by treat- 
ment of this pyrimidine with bromo-acetoglucose according to the technique 
of Hilbert and Johnson. The result was, however, the formation of 3- 
methylthymine V. It was assumed that by addition of bromo-aceto- 
glucose to the pyrimidine nitrogen in the 3-position a small amount of the 
nucleoside was probably formed, the bromine and the adjacent methyl 
attached to oxygen in the 2-position then combining to form methyl 
bromide. This methyl bromide adds to the 3-nitrogen, whereupon more 
r~ethyl  bromide is formed and the process is continued until the rearrange- 
rrent is co~plete  and a 3-methylated compound is formed instead of the 
desired glucoside of thymine. 

Guided by the above conception of reaction rechanism, it was thought 
that by replacing the n ethyl bromide by the less active methyl chloride, 
the addition of the alkyl halide might be depressed, affording a better 
chance for the addition of the sugar. So chloro-acetoglucose was used 
instead of bromo-acetoglucose; but here, also, no reaction product of the 

Gerngross, Ber., 38, 3408 (1905). 
Stcvdel and Kossel, 2. phys 01. Chem., 29, 303 (1900). 
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desired constitution was obtained, When the temperature of reaction was 
raised from 50 to  100' the mixture underwent decomposition. 

Keeping in mind the synthesis of a thymine nucleoside, the methyl group 
was next replaced by the ethyl group and this led to the synthesis and in- 
vestigation of 2,6-diethoxy-5-methylpyrimidine VII. This compound, 
prepared from 2,6-dichloro-5-methylpyrimidine I1 and sodium ethylate, 
had a lower melting point (36') than 2,6-dimethoxy-5-methylpyrimidine 
111, which fact made the compound useful for attempts to  melt it together 
with bromo-acetogfucose or chloro-acetoglucose, 

Our first observation was that 2,6-diethoxy-5-methylpyrimidine VII 
differed considerably from 2,6-dimethoxy-5-methylpyrimidine I11 in so far 
as its behavior a t  high temperatures was concerned. While the methyl 
compound was completely rearranged a t  20OV in forty-eight hours, the 
corresponding ethyl compound was stable under the same conditions. 
It was, however, observed that methyl iodide acted in the same way as in 
the case of 2,6-dimethoxy-5-methylpyrimidine 111: 2-oxy-3,5-dimethyl-6- 
ethoxypyrimidine VIII was formed. Its structure follows from the fact 
that 3-methyl-thymine V was formed by digesting the pyrimidine with 
hydrochloric acid. The action of ethyl iodide was also studied and the 
expected substance, 2-oxy-3-ethyl-5-methyl-6-ethoxypyrimidine IX was 
obtained. This was converted by hydrolysis with hydrochloric acid into 
3-ethyl-thymine X. 

Since ethyl bromide would be the probable by-product of a reaction be- 
tween 2,6-diethoxy-5-methylpyrimidine VII and bromo-acetoglucose, and 
since it was found by experimentation that ethyl bromide does not react 
with 2,6-diethoxy-5-methylpyrimidine, i t  was concluded that the reaction 
between this pyrimidine and bromo-acetoglucose might be of promise for 
the formation of the desired nucleoside of thymine. By heating the 
compound with the sugar derivative a t  50' for seven days, we obtained a 
very small amount of a crystalline substance which melted a t  316' after 
recrystallization from alcohol. The amount was, however, too small for 
investigation. Chloro-acetoglucose did not react with 2,6-diethoxy-5- 
methylpyrimidine VII, as might 'have been expected from the experiment 
with the corresponding methyl compound. 

All the pyrimidines prepared in the course of this work are easily ob- 
tained in a high state of purity. Three of the compounds described (111, 
V, VI) were already known but prepared by other methods. In each of 
these cases our compounds showed a higher melting point. With the 
exception of 1,3-dimethyl-thymine VI, which can be prepared more easily 
and just as pure by methylation of thymine with methyl sulfate, we believe 
that we have shown the easiest way for the preparation of absolutely pure 
alkyl derivatives of thymine. The study of pyrimidine rearrangements 
will be continued in this Laboratory. 
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Experimental Part 
Preparation of Thymine, I.-Thymine, from which all the compounds described in 

this paper were prepared, was synthesized by the method of Wheeler and Memiam6 
by condensing ethyl pseudothiourea with the sodium salt of ethyl formylpropionate in 
aqueous solution, and hydrolysis of the resulting 2-ethylmereapto-5-methyl-6-oxy- 
pyrimidine with hydrochloric acid. It was observed, however, that the yield of thymine 
was best when the mixture of ethyl formate and ethyl propionate was added to the sus- 
pension of sodium in dry ether immediately and not added slowly as stated in the origi- 
nal directions for carrying out the ester condensation. Thirty-seven grams of thymine 
was obtained in one operation by using 46 g. of sodium in 1 liter of ether, 229.5 cc. of 
ethyl propionate, 240.5 cc. ethyl formate and 92 g. of ethyl pseudothiourea hydro- 
bromide. The same proportions of reagents gave only 27 g. of thymine when the origi- 
nal directions were followed. 

2,6-Dichloro-5-methylpyrimidine, 11.-The method employed for the preparation 
of this compound was essentially that of Steudel and Kossel' with slight variations in 
technique. Twenty grams of thymine was heated with 80 cc. of phosphorus oxychloride 
a t  110-120" for five hours, whereafter the excess of phosphorus halide was removed 
by heating at 80' under vacuum. The cooled residue was then dissolved in ether, the 
ethereal solution washed with water and dilute sodium carbonate solution and finally 
dried over sodium sulfate. The pyrimidine was finally purified by distillation and 
boiled a t  108-109" a t  11 mm. It melted a t  25-26" and the yield was 21.5 g. 

2,6-Dimethoxy-5-methylpyrimidine, 111.-Twenty grams of the dichloropyrimidine 
I1 was dissoiveu in 100 cc. of methyl alcohol and the liquid poured into a solution of 7 g. 
of sodium in 100 cc. of methyl alcohol, whereupon sodium chloride separated immedi- 
ately, the mixture becoming warm. The reaction was complete after heating for five 
minutes and after filtering from sodium chloride and distilling off excess of alcohol, the 
resulting oil was dissolved in ether, washed with sodium hydroxide solution and then 
dried over anhydrous sodium sulfate. On evaporating the solvent the pyrimidine sepa- 
rated in crystalline form. I t  was purified further by crystallization from petroleum 
ether and melted at  61 ". The yield was 15.5 g. 

Anal. Calcd. for C7Hl002N2: C, 54.51; H, 6.54; N, 18.17. Found: C, 54.33; 
II, 6.50; N, 18.14, 18.04. 

Rearrangement of the Pyrimidine I11 into its Isomer 1,3-Dimethylthymine, V1.- 
Five grams of the pyrimidine I11 were heated in a sealed tube a t  200° for forty-eight 
hours, when the rearrangement into the alkylated thymine was complete. The pyrimi- 
dine was purified by recrystallization from alcohol and melted a t  155O.7 The absence 
of methoxy groups was proved by recovering the unchanged pyrimidine melting a t  155' 
after evaporation with strong hydrochloric acid. 

Anal. Calcd. for C7Hlo02Na: C, 54.51; H, 6.54; N, 18.17. Found: C, 54.60; 
13, 6.54; N, 18.06, 18.27. 

2-0xy-3,5-dimethy1-6-methoxypyrimidine, 1V.-This compound is easily obtained 
by allowing 2,6-dimethoxy-5-methylpyrimidine to interact with methyl iodide at  ordi- 
nary temperature. Solution of the pyrimidine takes place immediately and within 
fifteen minutes crystals of the rearranged pyrimidine begin to separate. The reaction 
was complete after fifteen hours. This pyrimidine crystallized from a mixture of alcohol 
and ether in the form of needles melting a t  144'. 

Wlieeler and Merriam, Am. Chem. J., 29, 478 (1903); see also Harkins and John- 
son, THIS JOURNAL, 51, 1237 (1929). 

Steudel and Kossel, Z. physiol. Chem.. 29, 393 (1900). 
Johnson and Clapp, J. Biol. Chem., 5, 60 (1908). 
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Anal. Calcd. for CrH~oozNz: C, 54.51; H, 6.54; N, 18.17. Found: C, 54.53; 
H, 6.63; N, 18.04, 18.09. 

When this compound was warmed in aqueous hydrochloric acid solution i t  was 
converted quantitatively into 3-methyl-thymine V. The latter crystallized from hot 
water in the form of needles melting at  291 O. Johnson and Clapps reported a melting 
point of 280-282 ". 

Anal. Calcd. for CsHs02N?: C, 51.40; H, 5.76; N, 20.00. Found: C, 51.39; 
H, 5.69; N, 20.00, 19.96. 

2,6-Diethoxy-5-methylpyrimidine, VI1.-From 21.5 g. of 2,6-dichloro-5-methyl- 
pyrimidine I1 and sodium ethylate (7.5 g. Na) by interaction in alcohol solution. The 
pyrimidine crystallizes from alcohol and melts at 36' to an oil. The yield was 16.5 g. 

Anal Calcd. for CsH~02Nz: C, 59.30; H, 7.75; N, 15.38. Found: C, 59.39; 
H, 7.80; N, 15.24, 15.55. 

An attempt was made to rearrange this pyrimidine into its corresponding nitrogen 
substituted derivative by heating a t  200' for forty-eight hours. Slight decomposition 
resulted from this treatment, but the greater part of the pyrimidine was recovered, melt- 
ing at  35". There was no evidence of any molecular rearrangement having tzken 
place. 

2-Oxy-3,5-dimethyl-6-ethoxypyrirnidine, VII1.-A solution of 3. g. of the pyrimidine 
VII in 2.1 cc. of methyl iodide was allowed to stand at  room temperature for four days. 
The crystalline substance which separated in excellent yield was purified by crystalliza- 
tion from a mixture of alcohol and ether and melted at  11 1 to an oil. The structure of 
this compound was established by the fact that it was converted into 3-methyl-thymine 
by hydrolysis with boiling hydrochloric acid solution. 

Anal. Calcd. for CsH1202Nt: C, 57.10; H, 7.20; N, 16.67. Found: C, 57.02; 
H, 7.18; N. 16.62. 

2-Oxy-3-ethyl-5-methyl-6-ethoxypyrimidine 1X.-This compound is formed by 
molecular rearrangement when 2,6-diethoxy-5-methyl-pyrimidine VII is dissolved in 
ethyl iodide and the solution allowed to stand for seven days. The pyrimidine was 
obtained in the form of colorless needles when crystallized from ether, and melted a t  
7S0. Attempts to bring about this same rearrangement of the pyrimidine VII by the 
use of ethyl bromide were unsuccessful. No change was observed after remaining in 
contact with an excess of ethyl bromide for two weeks. 

Anal. Calcd. for C ~ H ~ ~ O ~ N Z :  C, 59.30; H, 7.75; N, 15.38. Found: C, 59.46; 
H, 7.81; N, 15.54. 

2,6-Dioxy-3-ethyl-5-methylpyrimidine or 3-Ethyl-thymine, X.-This pyrimidine 
was formed when the compound IX  was dissolved in hydrochloric acid and the solution 
evaporated to dryness. I t  crystallized from hot water in needles which melted a t  223 ". 

Anal. Calcd. for C7Hl002Nz: C, 54.51; H, 6.54; N, 18.17. Found: C, 54.42; 
H, 6.53; N, 18.36. 

Attempts to Prepare Glucosidic Derivatives of the Pyrimidine Thymine 

1.-A mixture of 2 g. of 2,6-dimethoxy-5-methylpyrimidine and 2 g. of bromo- 
acetoglucose was heated a t  60' for forty-eight hours. The resulting product was then 
extracted three times with 5 ce. of water and then with ether at  room temperature. A 
small quantity of crystalline material did not dissolve and was identified as 3-methyl- 
thymine. A large quantity of this same pyrimidine also deposited as the aqueous ex- 
tract was allowed to stand. In  other words, a rearrangement of methyl from oxygen 

Johnson and Clapp, J. Biol. Chem., 5,57 (1908). 
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to  nitrogen in the pyrimidine ring had been effected by the action of the halogenated 
glucose compounds. 

2.-A second experiment was carried out with chloro-acetoglucose by heating this 
with the pyrimidine a t  50' for eight days and then for one week a t  100°. The mixture 
darkened considerably during this treatment and only a very small amount of an unde- 
fined product was left after the extraction with ether. 

3.-Experiments 1 and 2 were repeated with 2,6-diethoxy-5-methylpyrimidine using 
both bromo- and chloro-acetoglucose, respectively. The mixtures were heated a t  50' 
for seven days and in the case of the bromo-acetoglucose experiment a small amount of 
material was finally separated which crystallized from alcohol and melted a t  316" but 
the quantity obtained was too small for further investigation. The second experi- 
ment with chloro-acetoglucose did not lead to the formation of any product which could 
be identified. 

Summary 

1. 2,6 - Dimethoxy - 5 - methylpyrimidine and 2,6- diethoxy - 5 -methyl- 
pyrimidine were synthesized. 
2. 2,6-Dimethoxy-5-methylpyrimidine rearranged quantitatively to 1,3- 

dimethyl-thymine a t  200' in forty-eight hours. 2,6-Diethoxy-5-methyl 
pyrimidine was stable under these conditions. 
3. 2,6-Dimethoxy-5-methylpyrimidine gave with methyl iodide 2-oxy- 

3,5 - dimethyl - 6 - methoxypyrimidine. 2,6 - Diethoxy -5 - methylpyrimidine 
gave with methyl iodide 2-oxy-3,5-dimethyl-6-ethoxypyrimidine and with 
ethyl iodide 2-oxy-3-ethyl-5-methyl-6-ethoxypyrimidine. Ethyl bromide 
did not react. 

4. 3-Methyl-thymine was obtained from 2-oxy-3,5-dimethyl-6-meth- 
oxypyrimidine and from 2-oxy-3,5-dimethyl-6-ethoxypyrimidine by treat- 
ment with hydrochloric acid. 3-Ethyl-thymine was obtained from 2-oxy- 
3-ethyl-5-methyl-6-ethoxypyrimidine and hydrochloric acid. 

5. 2,6-Dimethoxy-5-methylpyrimidine and bromo-acetoglucose gave 
3-methyl-thymine. Chloro-acetoglucose did not react. 2,6-Diethoxy-5- 
methylpyrimidine and bromo-acetoglucose gave a substance, m. p. 316O, 
the quantity of which was too small for investigation. Chloro-acetoglucose 
did not react. 

NEW HAVEN, CONNECTICUT 
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[CONTRIBUTION FROM THE DEPARTMIENT OF CHEMISTRY OF DUKE UNIVERSITY ] 

RESEARCHES ON CHLORIMINES. III. THE DECOMPOSITION 
OF CERTAIN AROMATIC ALD-CHLORIMINES TO FORM 

NITRILES. A METHOD FOR THE PREPARATION OF 
NITRILES FROM ALDEHYDES1 

The first two papers of this series2 have described the preparation of a 
number of aromatic ald-chlorimines. It was shown that these compounds 
decomposed spontaneously at varying rates into hydrogen chloride and a 
nitrile. In the present investigation a number of ald-chlorimines have 
been decomposed with bases to form nitril s 

%if Although the early workers3 observed Yhat benzalchlorimine readily 
decomposes into benzonitrile and hydrogen chloride, Raschig,4 was the 
only one who recorded a yield of the nitrile. He reported that a 40% yield 
of benzonitrile (calculated from benzaldehyde) was obtained by subjecting 
the impure condensation product of benzaldehyde and monochloramine to  
steam distillation in the presence of sodium hydroxide. 

Since the isolation of a number of ald-chlorimines has now been ac- 
complished, a rather simple yet greatly improved method has been de- 
veloped for the preparation of certain nitriles. The chlorimines in cold 
alcoholic solution are treated with an alcoholic solution of either potassium 
hydroxide or sodium ethylate. The sodium or potassium halide is rapidly 
precipitated even a t  0°, and in some cases almost quantitative yields of the 
nitriles are produced. Table I (Experimental Part) shows the actual 
yields of nitriles obtained from seven chlorimines. The reaction may be 
represented by the equation RCH=NCl + KOH -+ RCN + KC1 + HzO. 
This represents a good method for the preparation of nitriles from aldehydes 
since the latter are readily converted into chlorimines in good yields. 

In view of the fact that an acetyl derivative of an ald-oxime is considered 
to have a syn configuration5 when it yields a nitrile on treatment with alkali, 
it would appear that the ald-chlorimines described in this paper have s y n  
configurations, since the latter readily yield nitriles in an analogous manner. 
However, as only one of the two possible stereoisomeric ald-chlorimines has 
been isolated in each case, it would be premature to assign a s y n  configu- 

This paper is constructed from portions of a thesis presented by A. G. Gillaspie 
in partial fulfilment of the requirements for the degree of Master of Arts in the Graduate 
School of Arts and Sciences, Duke University. 

Hauser and Hauser, THIS JOURNAL, 52, 2050 (1930); Hauser, Hauser and 
Gillaspie, ibid., 52, 4158 (1930). 

J Luxmoore, J. Chem. Soc., 69, 191 (1896); Forster, ibid., 107, 265 (1915). 
4 Raschig, "Schwefel und Stickstoffstudien." 1924, p. 80. 
6 See Cohn, "Organic Chemistry for Advanced Students," Part 11. 1928, p. 306. 

P 
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ration to  these compounds, for the other isomers if isolated might also be 
able to react with alkalies to form nitriles. Furthermore in cases where 
acetyl anti ald-oximes are hydrolyzed by alkalies to form oximes, the 
CHICOO- group is replaced by hydroxyl, whereas chlorine attached to 
nitrogen in chloramines and other compoundse apparently is not hydro- 
lyzed in this manner. Thus the decomposition of ald-chlorimines by 
alkalies to form nitriles does not necessarily indicate a syn configuration. 

Although the decomposition of the chlorimine by the base was rapid in 
every case, it was plainly evident, by observing the rate of precipitation of 
the halide salt, that anisal- and piperonalchlorimines were decomposed a t  a 
lower rate than the other five compounds described in this paper. By 
analyses for active chlorine it was shown that o-chlorobenzalchlorimine was 
completely decomposed by s o d p  ethylate a t  0' within one and one-half 
minutes, whereas anisalchlorimine was only 43% decomposed under similar 
conditions within two minutes, and not completely decomposed until after 
five minutes. This is rather significant since o-chlorobenzalchlorimine in the 
pure state is much more stable than anisalchlorimine. These observations 
suggest the study of the decomposition of ald-chlorimines by weaker bases 
such as amines, as here the reaction rate would doubtless be slow enough to 
measure more precisely. This work is now in progress. 

Experimental 
The ald-chlorimines used for the preparation of nitriles were prepared from alde- 

hydes and monochloramine7 according to the methods described in the first two papers 
of this series.8 They were purified by recrystallization from alcohol and dried on a por- 
ous plate. 

Preparation of Nitri1es.-A sample (1.50 to 2.00 g.) of chlorimine is dissolved in the 
smallest possible amount of alcohol at  room temperature and then cooled in an ice-bath. 
In  cases where the chlorimine is sparingly soluble in alcohol a small quantity of acetones 

will facilitate solution. To the cooled solution of the chlorimine is added a cold concen- 
trated alcoholic solution of 1.25 equivalents of sodium ethylate or potassium hydroxide, 
and the mixture allowed to stand for several minutes or until the halide salt no longet 
precipitates. Sufficient cold water is then added to dissolve the halide salt and pre- 
cipitate as much of the nitrile as possible. After filtering, more of the nitrile may be 
obtained by extracting the filtrate with small portions of ether, and evaporating the 
ether on a water-bath. The nitriles were dried in a vacuum desiccator, weighed and the 
yields calculated. The results are given in Table I. Several of the low yields could 
doubtless be increased if camed out on a large scale. After recrystallization from pe- 
troleum ether, the nitriles were identified by their melting points and by hydrolysis to the 
corresponding acids. 

"idgwick, "The Electronic Theory of Valency," 1927, p. 158. 
1 The method of preparation of monochloramine is described by Coleman and 

Hauser, THIS JOURNAL, 50, 1195 (1928). This is a modification of the method of 
Marckwald and Wille, Ber., 56, 1319 (1923). 

8 Acetone solutions of the nitrochlorimines became deeply colored when treated 
with the base, and the crude nitriles obtained in these cases possessed a darker color 
than when only alcohol was used as solvent. 

tb 
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TABLE I 
PERCENTAGE YIELDS OF NITEILES 

Base uced - 
Sodium ethylate Potassium hydroxide 

Chloritnine ( I t a  @ ) a  (3)" (4)b 

Anisal- 81 94 77 95 
o-Chlorobenzal- 73 85 70 83 
Piperonal- 79 96 85 97 
2-Chloro-5-nitrobenzal- 51 82 
pchlorobenzal- 47 60 
m-Nitrobenzal- 54 82 
o-Nitrobenzal- 60 70 

a Yields of nitrile obtained by precipitating with water only. ' Total yields of 
nitrile obtained. 

The yields of nitriles given in Table I were obtained from chlorimines which had 
been purified by recrystallization from alcohol. Excellent yields of good products 
have been obtained from several crude chlorimines when the latter were decomposed 
with sodium ethylate. Good yields of nitriles are obtained when calculated from the 
aldehydes, since yields of 80-85% of chlorimines calculated from aldehyde used are 
readiy obtainable in most cases. 

Rates of Decomposition of o-Chlorobenzalchlorirnine and Anisa1chlorimine.- 
Approximately 0.1 molar alcoholic solutions of the chlorimines in separate flasks were 
treated with slightly more than the calculated amount of sodium ethylate in alcoholic 
solution (1 M) a t  OO. Samples were pipetted off and analyzed for active chlorine. 
o-Chlorobenzalchlorimine was completely decomposed within one and a half minutes, 
while anisalchlorimine was only 43y0 decomposed after two minutes and completely 
decomposed after five minutes. 

Summary 

A number of aromatic ald-chlorimines have been decomposed by sodium 
ethylate or potassium hydroxide in alcoholic solution to form good yields of 
nitriles. This represents a method for the preparation of nitriles from 
aldehydes, since the latter are readily converted into ald-chlorimines. 

DWRE~AM, NORTH CAROLINA 
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[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF HARVARD UNIVERSITY ] 

ISOXAZOLINE OXIDES. X. REDUCTION 
BY E. P. KOHLER AND A. R. DAVIS 

RECEIVED AUGUST 12. 1930 PUBLISHED NOVEMBER 5, 1930 

In  order to complete the work on isoxazoline oxides i t  was desirable to 
make a more careful study of their behavior toward reducing agents. 
Two of these oxides have been reduced, heretofore, both of them with zinc 
and acetic acid. Kohler and Barrettl added two atoms of hydrogen to 
triphenyl isoxazoline oxide (A) and interpreted the product as an hydroxy 
isoxazolidine (B); but it was found later2 that the substance is, in reality, 
an hydroxy oxime (C). 

A B C 

Kohler and Barrett3 also reduced the ethyl ester of an isoxazoline oxide 
dicarboxylic acid (D). Here again the reaction stopped with the addition 
of two atoms of hydrogen, and the product was likewise regarded as an 
hydroxy isoxazolidine (E). The evidence on which this formula was based 
is, however, no longer conclusive, and it now seems a t  least as probable that 
the substance is the hydroxy oxime (F). 

We selected for reduction the ketonic isoxazoline oxide 111, and decided 
to  reduce it in steps, in order to note the result of a competition for hydro- 
gen by the three reducible components, the carbonyl group, the unsaturated 
system C=NO, and the oxide group. Since bases very rapidly transform 
these ketonic oxides into other reducible substances, reduction in alkaline 
media was not attempted. These oxides are fairly stable in the presence of 
dilute acids but all attempts a t  reducing our substance with metal and acid 
ended in insoluble polymerization products too complex to unravel; re- 
duction in acid media therefore did not prove feasible. 

In view of the circumstances which have been described i t  became 
necessary to resort to catalytic hydrogenation in neutral solution. Pre- 
liminary experiments both with Willstatter's platinum black and with 
Adams' platinum oxide showed that while the hydrogenation occurs in 
stages which proceed at different rates, the stages overlap and that there is 

' Kohler and Barrett, THIS JOURNAL, 46, 2105 (1924) 
Kohler and Richtmyer, ibid., 52, 2038 (1930). 

a Kohler and Barrett, ibid., 48, 1770 (1926). 



Nov., 1930 ISOXAZOLINE OXIDES. x 452 1 

no sharp break in the curve representing the speed of hydrogen absorption. 
Later operations were therefore carried out in an apparatus with which it 
was possible to measure the absorbed hydrogen with great accuracy and the 
process was interrupted as soon as one mole of hydrogen had been con- 
sumed. Under these circumstances the product was composed almost 
entirely of the three substances VIII, I X  and X. 

CsH6CH-cHCHOHCsH*OCH8 CsH6CH-CHCOCoH40CHs CsH6CHCH2COCsH40CHa 

I >. - - i  >. -+ 
CsHsC=NO CsHsC-NO 

I 
CBHSCHNO~ 

VIII and IX I11 X 

The relative amounts of the stereoisomeric carbinols VIII and I X  varied 
slightly with the conditions, but, to our surprise, these two substances 
constituted by far the largest part of the primary reduction products. 
Thus in a typical experiment we obtained 55% of the higher-melting isomer 
VIII, 20% of the lower-melting isomer IX, 5% of X, and 20% of an oil 
which doubtless was composed largely of secondary products. 

No less surprising is the generation of a nitro group by hydrogenation, 
but the proof of the structure of these primary reduction products is ex- 
plicit. The nitro compound X is identical with the product obtained by 
adding phenyl nitro methane to benzal acetyl anisole. The other two 
reduction products, VIII and IX, liberate iodine from potassium iodide and 
chlorine from phosphorus pentachloride; they are, therefore, still oxides. 
Moreover, chromic acid removes the two hydrogen atoms that  have been 
added and oxidizes the reduction products to the oxide from which they 
came, while potassium hydroxide cleaves them to anisic aldehyde and 3,4- 
diphenyl isoxazole. 
CsH6CH-CHCHOHC6H40CH3 C~H~CH-CHZ CGH~C=CH 

I > -+ CHOC6H40CHa + 
CsH5C-NO 

I >. 
VIII 

[ c 6 H ~ - 2 1  -+ c6H&==N 
XI11 

These new oxides, on further hydrogenation, absorb hydrogen more 
slowly but with great regularity until six additional atoms have been con- 
sumed. The solution then deposits a sparingly soluble compound which is 
formed in accordance with the equation 

C2aH2104N + 6H = C~H2603N $ H2O 

It is not possible to isolate any intermediate between the oxide and this 
final reduction product. If the operation is stopped short of this final 
stage, a corresponding quantity of oxide is recovered. For this final re- 
duction product only two formulas have any probability. The formation 
of a substance with this composition manifestly involves the opening of the 
isoxazole ring. If this occurred between the oxygen and the carbon atom 
in the 5-position, as i t  does in the formation of X, the product would be the 
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hydroxylamine derivative XI. But it is a t  least equally probable that the 
ring is opened in the same manner as it is in triphenyl isoxazole, and this 
would lead to the formula of the amine XII. Since the reduction product 
is not only a strong base but also is not oxidized by Fehling's solution it 
evidently is not the hydroxylamine derivative 
CsHaCHCH2CHOHCaHaOCHa CsH6CH-CHCHOHCsHdOCHa 

I + I >. + 
CsHsCHNHOH CsH6C-NO 

XI VIII 
CBH&HCHOHCHOHCeH4OCHa 

These results show quite conclusively that the hydrogen combines far 
more rapidly with the carbonyl group than it does with any part of the 
system &NO. Combined with what had been learned heretofore by the 
reduction of isoxazoline oxides with metal and acid, they show also that the 
first step in the reduction is not removal of oxygen, as is the case with amine 
 oxide^,^ azoxy compounds6 and open-chained nitrones6 Nor is it 1,3- 
addition of hydrogen to the unsaturated system in the manner of the re- 
action between isoxazoline oxides and Grignard reagents.? 

It seems not unlikely that the first step in the reduction of all types of 
oxido compounds is the same. These substances in reality contain an 
unsaturated oxygen atom. The primary stage in the reduction may well 
be the addition of hydrogen to this unsaturated oxygen atom; what hap- 
pens subsequently depends upon the rest of the molecule. In the amine 
oxides and related substances, loss of water is inevitable because every 
possible rearrangement product would be unstable; in the isoxazoline 
oxides the primary product can undergo rearrangement to a stable oxime 
which may subsequently be reduced to an amine. 

CaHsCHCH-CHOHCsH40CHs GH6CHCH-CHOHCsH,OCHs 

LbH C&Is -NOH (-CHNHn) 

Experimental Part 

Preparation and Proof of Structure 
The starting point in the preparation of the oxide was an addition product 

previously obtained from benzal acetyl anisole and phenyl nitr~methane.~ 
Bamberger, Ber., 32, 342 (1899); Dunstan and Goulding, J .  Chem. Soc., 75, 792 

(1899). 
6 Werigo, Ann., 165, 202 (1873). 
Ungeli,  Atti Accad. Licei ,  20, I, 546 (1911). 
7 Kohler and Richtmyer. TRIS JOURNAL. 52, 2038 (1930). 

Kohler and Allen, ibid., 50, 884 (1928). 
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This substance, on bromination, gave a mixture of a-bromo compounds 
from which hydrogen bromide was eliminated with pyridine, 
CGH~CHCHzCOCsHaOCHa GHbCHCHBrCOCeH40CH, GHbCH-CH-COC&&OCH~ 

I 
CsHaCHNO2 

l 
CaH6CHNOa h CeH, -NO >" 

I 11 I11 

In proof that the compound thus obtained is an isoxazoline oxide, it was 
established that potassium acetate isomerizes it to an hydroxy isoxazoline 
(IV), and that bases convert it both into an open-chained triketone oxime 
(V) and also into an isoxazole derivative (VI). These are characteristic 
reactions of isoxazoline oxides. 

Bromination: a-Anisoyl-a-bromo-B,r-diphenyl-Y-nitro Propane @I).-A solution 
of 100 g. of pure dry addition product in hot chloroform was brominated with 45 g. of 
bromine. At iirst only a few drops of bromine were added, the solution was boiled until 
the color disappeared, then the remainder was dropped into it as  fast as i t  decolorized 
without further heating. When the solution is boiled during the bromination, and ex- 
cess of bromine is allowed to accumulate in it, more than one equivalent of bromine is 
consumed and the product contains a polybromide which interferes with subsequent 
operations. After recrystallization from chloroform-methyl alcohol, the bromo com- 
pound melts at 165'. The crude product melting a t  163O is sufficiently pure for nearly 
all purposes. 

Anal. Calcd. for Cz8Hzo04NBr: C, 60.8; H, 4.4. Found: C. 60.5; H. 4.6. 
3,4-Diphenyl-5-anisoyl Isoxazoline Oxide (q.-A suspension of 100 g. of the finely 

ground a-bromo compound in 500 cc. of 95% alcohol and 70 g. of pyridine was heated to 
boiling. Solution was complete in fifteen minutes but the boiling was continued for 
another ten minutes. On cooling, the isoxazoline oxide separated from the pale purple 
solution. The crystalline material was collected on a filter, washed with 95% alcohol, 
then with dilute hydrochloric acid until free from pyridine, and finally with water until 
free from chloride. The first filtrate and the alcohol washings, on concentration and 
acidification, yielded 11 g. of crude product which gave 8 g. of recrystallized oxide, mak- 
ing the total yield 79 g. or 92%. 

Absolute alcohol gave the same yield as 95% alcohol, but absolute methyl alcohol 
was found to be unsatisfactory because the reaction was very much slower a t  the lower 
boiling point. By recrystallization from chloroform-methyl alcohol the oxide was ob- 
tained in colorless needles melting a t  158'. It is readily soluble in chloroform, sparingly 
soluble in methyl alcohol. It can be recrystallized without change from glacial acetic 
acid, does not reduce permanganate in acetone and is not affected by boiling with sodium 
dichromate in glacial acetic acid. I t  liberated iodine from potassium iodide in glacial 
acetic acid, and it liberated a mixture of chlorine and nitrosyl chloride when heated with 
phosphorus pentachloride. 

Anal. Calcd. for Cz~Hls04N: C, 74.0; H, 5.1. Found: C, 73.7; H, 5.2. 
Rearrangement: 3,4-Diphenyl-5-hydroxy-5-anisoyl Isoxazoline (m.-A solution 

containing 2 g of the oxide. 1 g. of potassium acetate and a few drops of glacial acetic 
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acid in 20 cc. of dry methyl alcohol was boiled for an hour. I t  deposited the crystalline 
rearrangement product when cooled. The hydroxyl compound is, however, most con- 
veniently prepared directly from the or-bromo compound. For this purpose 15 g. of 
finely powdered bromo compound was suspended in a mixture of 325 cc. of methyl al- 
cohol, 500 cc. of water, 20 g. of sodium hydroxide, and 200 cc. of ether. The mixture 
was shaken until all the bromo compound was in solution-about thirty minutes-then 
acidiiied with acetic acid and allowed to stand a t  room temperature for half an hour. 
It deposited 10 g. of the hydroxyl compound. This was pale yellow in color but on re- 
crystallization from chloroform-methyl alcohol, it  became colorless and melted a t  177 ". 

Anal. Calcd. for C23H1904N: C, 74.0; H, 5.1. Found: C, 74.1; H, 5.1. 

The hydroxyl compound was readily soluble in chloroform, sparingly soluble in 
methyl alcohol. I t  crystallized from alcohol in colorless prisms, and from ether-petro- 
leum ether in hexagonal plates. It crystallized unchanged from glacial acetic acid. 
Sodium peroxide oxidized it to anisic acid and diphenyl isoxazolone. 

The Benzoate.-Like the hydroxy isoxazolines described in earlier papers in this 
series, our substance resisted all attempts to methylate it, but it was readily turned into a 
benzoate. To a solution of 1 g. of the substance in 5 cc. of dry pyridine. 1 cc. of benzoyl 
chloride was added. The pink solution was kept a t  room temperature for two hours, 
during which a solid separated. The mixture was diluted with water, acidified with 
hydrochloric acid and extracted with ether. The washed and dried solution, on evapora- 
tion, deposited the benzoate in silky needles which melted a t  173 O. 

Anal. Calcd. for CaoH~a06N: C. 75.5; H, 4.8. Found: C, 75.3; H, 4.6. 
a-Anisyl-y,8-diphenyl-butane-trione Oxime @).-The yellow oxime is formed by 

the action of alkalies on both the oxide and the hydroxy isoxazoline, but it is most readily 
prepared directly from the or-bromo compound. To this end the bromo compound is 
treated exactly as in the preparation of the hydroxy isoxazoline, but the yellow solution 
is acidified rapidly with iced hydrochloric acid instead of acetic acid. The yield is 74%. 

Anal. Calcd. for C23H1904N(CzHo)z0: C, 72.5; H, 6.5. Found: C, 72.3; 
H, 6.6. 

Like all other substances of this type that are known, the oxime crystallizes in 
yellow prisms containing one molecule of ether. It melts with decomposition a t  110'. 
When a methyl alcoholic solution of the oxime is boiled with a little potassium acetate 
and acetic acid, it is transformed almost quantitatively into the hydroxy isoxazoline, and 
when a drop of hydrochloric acid is added to a solution of the oxime in chloroform, it 
turns purple and soon deposits a purple nitrone. 

0 
II 
C 

2-Anisal-3-keto-4,s-diphenyl Pyrrolenine Oxide, C~H~C' \cc~H~ocH~.-T~~ 
II I I  . 

CBH~C-NO 
purple nitrone crystallizes from the chloroform solution in fluffy needles melting a t  182 
with decomposition. 

Anal. Calcd. for C.r3HlrOsN: C, 77.8; H, 4.8. Found: C, 77.7; H, 5.1. 

3,4-Diphenyl-5-anisoyl Isoxazole @I).-The isoxazole is formed by the action of 
bases on the a-bromo compound, the polybromides, the isoxazoline oxide, the hydroxy 
isoxazoline and the triketone oxime; it represents the final degradation product of all 
of these substances by weak bases or dilute alkalies. In quantity, it is most conveniently 
obtained by suspending the or-bromo compound in methyl alcohol, adding an equal 
weight of potassium acetate and boiling the mixture. The bromo compound soon 
dissolves and isoxazole begins to separate in compact crystals along with potassium 
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bromide. Since these solids cause serious bumping, it is necessary to filter from time 
to time and repeat the boiling, but in the end the yield of isoxazole is 94%. 

Anal. Calcd. for CpgH170aN: C, 77.7; H, 4.7. Found: C, 77.3 ; H, 4.9. 
The isoxazole crystallizes in needles which melt a t  156'. When pure it is quite 

colorless, but it usually has a pale yellow color which cannot be removed by recrystalli- 
zation. 

11. Reduction 
We examined the behavior toward reducing agents of the isoxazoline 

oxide, the hydroxy isoxazoline and the isoxazole. With zinc and acid all 
these substances except the isoxazole gave very sparingly soluble sub- 
stances which were evidently condensation as well as reduction products. 
The isoxazole, however, readily combined with two atoms of hydrogen, 
being reduced to a substance which liberated a mole of gas from methyl 
magnesium iodide and which chromic acid reoxidized to  the isoxazole- 
therefore evidently the carbinol ring is intact. 

CBH~C&-COCGH~OCH~ CBHKC=C-CHOHC~H~OCH~ 

I >o I >  
CsH&C=N CGH~C=N 

VI VII 

Hydrogenation in the presence of platinum likewise gave only complex 
products with the hydroxy isoxazoline and the yellow oxime, but with the 
isoxazoline oxide it gave mainly monomolecular products. 

Reduction of the 1soxazole.-To a solution of 10 g. of the isoxazole in glacial acetic 
acid, which was heated on a steam-bath, zinc dust was added in small quantities over a 
period of two hours. The mixture was filtered, and the filtrate diluted with water, 
then extracted with ether. The extract, freed from acetic acid, dried and evaporated, 
deposited a small quantity of solid amid considerable oil which was presumably an  
acetate. The oil was boiled with methyl alcoholic potassium hydroxide for a short time, 
the solution diluted with water and extracted with ether. The ether now deposited 
the solid carbinol; yield, 6.8 g. By recrystallization from carbon tetrachloride- 
petroleum ether, the substance was obtained in colorless prisms which melted a t  146". 

Anal. Calcd. for Cz$31903N: C, 77.3; H, 5.3. Found: C, 76.6; H, 5.5. 

Oxidation.-To 0 5 g. of the carbinol in 10 cc. of glacial acetic acid, sodium bi- 
chromate was added gradually until there was no further evidence of reduction. The 
mixture was diluted with water and extracted with chloroform. The extract was 
washed, dried and concentrated, then diluted with methyl alcohol. It deposited 0.35 
g. of pure isoxazole. 

Reduction of the Oxide.-For the purpose of reduction the oxide was repeatedly 
recrystallized from the same "reagent methyl alcohol" that was used as solvent in the 
reductions. The reductions were carried out under atmospheric pressure with a spe- 
cially constructed apparatus with which it was possible to determine the absorbed 
hydrogen with great accuracy. The catalyst was Adams' platinum oxide. 

In a typical experiment a suspension of 2 g. of the finely ground oxide and 0.2 g. 
of the catalyst in 100 cc. of methyl alcohol was shaken with hydrogen, using the cali- 
brated apparatus. The oxide was completely in solution after ten minutes. By that  
time the solution had absorbed 124.9 cc. of hydrogen instead of 120 cc. calculated for 
two atoms and the operation was stopped immediately. 
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The yellow solution was decanted from most of the catalyst, filtered and boiled 
down to about a fourth of its volume. In  order to remove a small quantity of colloidal 
platinum which made trouble unless i t  was removed at  this point, a small quantity 
of active charcoal was added a few minutes before the boiling was discontinued. The 
solution was then filtered again and set aside. It deposited a solid which proved to be 
composed almost entirely of the high-melting reduction product VIII. It was purified 
by recrystallization from methyl alcohol; yield, 1.1 g. 

The filtrate was allowed to evaporate to dryness. It deposited a mixture of large 
transparent prisms and long silky needles which were separated by hand and purified 
separately. The prisms (0.4 g.) were found to be a stereoisomer (IX) of the high-melting 
reduction product and the needles (0.1 g.) were identified as the nitro compound (I). 

3,4-Diphenyl- 5 - (a-hydroxy-4-methoxy - b e n  Isoxazoliie Oxide, V1II.-The 
higher-melting reduction product crystallized from methyl alcohol in flat needles that 
melted without decomposition at  170 O. 

Anal. Calcd. for C!BH~~O~N: C, 73.6; H, 5.6. Found: C,  73.6; H, 6.0. 
The substance liberated iodine from potassium iodide and chlorine from phos- 

phorus pentachloride as readily as did the original oxide. 
Oxidation.-To a solution of 0.5 g. of the reduction product in boiling glacial 

acetic acid, sodium bichromate was added in small quantities until the red color of the 
bichromate appeared in the solution. The mixture was poured into water, which 
precipitated a solid product. After recrystallization from methyl alcohol, the solid 
melted a t  156', and the melting point was not changed when mixed with the original 
oxide; yield, 0.4 g. 

Cleavage.-A suspension of 3 g. of the reduction product and 1 g. of solid potassium 
hydroxide in 20 cc. of methyl alcohol was boiled for thirty minutes. The yellow solution 
was diluted with water and extracted with ether. The washed and dried ethereal layer, 
when evaporated, left an oil. This was divided into two portions. To the first were 
added phenylhydrazine and a few drops of acetic acid. I t  deposited a solid which after 
purification melted at  122' and which was identified as the phenylhydrazone of snisic 
aldehyde by comparison with a sample made from the aldehyde. 

The second half of the oil was dissolved in ether and freed from the aldehyde by 
means of saturated sodium bisulfite. The ethereal solution was washed with bicar- 
bonate, dried and evaporated. It left an oil, but a solution of this oil in petroleum ether 
deposited a solid. which melted a t  91 and was identified as diphenyl isoxazole. This 
will be described later. 

The Stereoisomeric Reduction Product, =.-The lower-melting reduction product 
behaved exactly like the substance which has just been described, liberating iodine from 
potassium iodide with the same ease and giving the same oxidation and cleavage prod- 
ucts It crystallized from methyl alcohol in six-sided prisms and melted a t  160". 

Anal. Calcd. for CzsHnOcN: C, 73.6; H, 5.6. Found: C ,  73.7; H, 5.7. 
- Reduction of the New Oxide VIII: a,~-Diphenylq,l9-dihydroxy-t9-anisyl Butyl 
Amine, XI1.-Quantitative experiments showed that the new oxides are reduced much 
more slowly than the ketonic compound and that there is no break in the curve repre- 
senting the rate a t  which hydrogen is absorbed until six atoms have disappeared. 
Moreover, an examination of the result of interrupting the process before six atoms of 
hydrogen had been used showed that all intermediates between the oxide and the final 
product are more rapidly reduced than the oxide. 

Thus 2 g. of the oxide VXII in 100 cc. of methyl alcohol was shaken with hydrogen 
in the presence of 0.2 g. of platinum until 120 cc. had been absorbed. This required 
about two hours. The solution, manipulated in the usual manner, yielded 1.2 g. of 
the starting material and 0.5 g. of reduction product. Allowing for loss during crys- 
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tallization, this quantity of reduction product corresponds to the absorption of six atoms 
of hycltogen. 

In another experiment, 2 g, of the same oxide was reduced completely in seven 
hours and six atoms of hydrogen were used in the process. The product, isoIated in the 
usual manner, crystallized in needles melting a t  208'. 

Anal. Calcd. for CtsHzsOaN: C, 76.0; H, 6.9; mol. wt., 363. Found: C, 76.1 ; 
H. 6.8; mol. wt., 349. 

111. Diphenyl Isoxazole 
Inasmuch as the reduction product of anisoyl diphenyl isoxazoline oxide 

is easily cleaved by alkalies, it seemed worth while to study the behavior of 
the isoxazole itself because a similar cleavage of this substance would result 
in a type of disubstituted isoxazole, for which no methods of preparation are 
known. 

CoHsCZC-COCsH1OCHs CsHsC=CH 

! >. + HsO --t I )O + CHIOGH~COZH 
GH&C=N CsHsGN 

It was found that while this cleavage does not take place very readily i t  
can be accomplished and that the yield may be brought to 88%. The 
structure of the isoxazole was established by ozonization, which led to  a 
product that was hydrolyzed to 8-benzil monoxime. Like all other isox- 
azoles which are not completely substituted, 3,4-diphenyl isoxazole can be 
further cleaved with alkalies. The mode of cleavage is similar to  that  of 
those mono-substituted isoxazoles which have no substituent in the 5- 
position. 

CeH,C=CH 
3,4-Diphenyl Isoxazole, I )O + CSI~CH2C02H + C&C=N.-A sus- 

CBHsC=N 
pension of 10 g. of diphenyl anisoyl isoxazole in 50 cc. of 5% ethyl alcoholic potassium 
hydroxide was boiled for half an hour, then filtered. The operation was repeated with 
the unchanged isoxazole which had been collected on the filter until none of i t  was left. 
The alcoholic filtrates on dilution deposited the new isoxazole as a flocculent precipitate. 
I t  was dried and recrystallized from low-boiling petroleum ether; yield 5.5 g. or 88y0. 

Anal. Calcd. for C I ~ H ~ ~ O N :  C 81.4; H, 5.0. Found: C, 81.9; H, 5.1. 
The isoxazole is readily soluble in all organic solvents I t  crystallizes from low- 

boiling petroleum ether in colorless needles which melt a t  91 '. 
0zonization.-A current of ozonized oxygen containing about 6% of ozone was 

passed through a solution of 0.5 g. of the isoxazole in ethyl bromide for one and one-half 
hours. Addition of water and removal of solvent left a cream-colored oil, which was 
dissolved in 10% aqueous sodium hydroxide. The alkaline solution was extracted with 
ether, then gradually neutralized with carbon dioxide. It deposited a crystalline solid 
which was identified as the B-monoxime of benzil by comparison with a sample on hand. 

Alkaline Cleavage.-A solution of 2 g. of the isoxazole in 20 cc. of 5y0 methyl 
alcoholic potassium hydroxide was boiled for two hours, then diluted with water and 
extracted with ether. The ethereal solution was dried over s o d i u ~  sulfate and cau- 
tiously evaporated. It left an oil which had the odor of benzonitrile and which when 
boiled with 10% aqueous sodium hydroxide gave benzoic acid. The alkaline solution, 



4528 CATHERINE CASSELS STEELE AND ROGER ADAMS VO~. 52 

from which the benzonitrile had been removed, was acidified and again extracted with 
ether. The dried extract left an oil when evaporated, but a solution of this oil in pe- 
troleum ether deposited a solid melting a t  75 ". This was identified as phenylacetic acid 
by comparison with a sample. 

Summary 
R- C H C H- C O R  

1. When a ketonic isoxazoline oxide I )O is hydrogenated 
R-C=NO 

it first takes up two atoms of hydrogen a t  the carbonyl group and forms a 
new oxide. 

2. The reduction of isoxazoline oxides in which there is no carbonyl group 
doubtless always gives an open-chained hydroxy oxime as the first product; 
but in catalytic hydrogenations these oximes are reduced to amines. 

3. 3,4-Disubstituted isoxazoles, heretofore unknown, can be prepared by 
cleaving ketonic isoxazoles with bases. When these 3,4-disubstituted isox- 
azoles undergo further cleavage, they behave like those mono-substituted 
isoxazoles which have no substituent in the 5-position. 

CONVERSE MEMORIAL LABORATORY 

CAMBRIDGE, MASSACHUSETTS 

STEREOCHEMISTRY OF PHENYLPYRIDINE COMPOUNDS: 
THE PREPARATION AND INVESTIGATION OF 2-(2-CARBOXY- 
6-CHLOR0PHENYL)-PYRIDINE-3-CARBOXYLIC ACID AND 

3-(2-CARB0XYPHENYL)-6-PHENYLPYRIDINE-2,4- 
DICARBOXYLIC ACID. X. 

A natural corollary to the development of the study of the optical isom- 
erism exhibited by certain types of substituted diphenyl compounds is 
an investigation of binuclear compounds similar to diphenyl, and of these 
the dipyridines and the phenylpyridines resemble dipnenyi most closely. 

In  the case of the phenylpyridines, only one ring-the pyridine nucleus- 
is different, and they may be divided into three classes; (a) where the N 
is "ortho," (b) where i t  is "rnetaJ' and (c) where it is "para" to the carbon 
atom linked to the phenyl nucleus. 

(a) (b) ( 4  

Type (a) differs from (b) and (c) in the fact that there cannot be four 
1 For the last two papers in this series, see (a) Stanley and Adams, THIS JOURNAL, 

52, 4471 (1930); (b) Browning and Adams, ibid., 52, 4098 (1930). 
2 Commonwealth Fund Fellow. 



Nov., 1930 STEREOCHEMISTRY OF PHENYLPYRIDINE COMPOUNDS 4529 

substituent groups in the "ortho" position, and any trisubstituted phenyl- 
pyridine of the type (a) will not be directly comparable with the corre- 
sponding trisubstituted diphenyl, as the fourth position is not occupied 
by a hydrogen atom. If the obstacle theorylap3 is correct and on the as- 
sumption that a pyridine ring resembles in structure a benzene ring, this 
difference would be unlikely to affect resolution except in so far as a block- 
ing group of size 0.94 to  1.04 A.4 is eliminated. If, however, Bell and 
Kenyon's5 modified view that the electrical character of the substituting 
groups has an added influence besides the effective size of the electrical 
field of force of these groups, then the substituted phenylpyridines though 
conforming to all the requirements for resolution of the correspondingly 
substituted diphenyls, may exhibit a marked divergence in behavior. 

Trisubstituted phenylpyridines of all three types and tetrasubstituted 
compounds of types (b) and (c) must be investigated, and various groups 
used to determine whether or not the calculated amount of interference4 

between such groups will give the same experimental results as the corre- 
sponding diphenyls. Neither has it been established that the five carbon 
atoms and the nitrogen are coplanar in pyridine. If the nitrogen is bent 
away from the plane of the five carbons, or if the whole ring is distorted, 
then in the (a) type the distances between the ortho positions in the two 
rings will be very different from those between identical groups in a di- 
phenyl, and therefore the interference values will also differ. 

The methods available for preparing ortho-substituted phenylpyridines 
of types (a) and (h) are very limited; in fact, the only satisfactory method 
yet found is the synthesis of substituted naphthoquinolines and then their 
oxidation to the corresponding phenylpyridine-dicarboxylic acids. 

In this work, two acids were prepared: 2-(2-carboxy-6-chloropheny1)- 
pyridine-3-carboxylic acid (111)) which is of type (a), and 3-(2-carboxy- 
pheny1)-6-phenylpyridine-2,4-dicarboxylic acid (V), of type (b) . The 
first was obtained through a Skraup synthesis of 10-chloro-a-naphtho- 
quinoline (11) from 8-chloro-1-naphthylamine (I), and subsequent oxida- 
tion with neutraI permanganate, and the second by the oxidation of a- 
phenyl-P-naphthoquinoline-y-carboxylic acid (diapurin) IV) . 

COOH COOH 

C1 
C1 NH2 

\ 

Mills, J.  Soc. Chem. Ind., 45, 884 (1926); Stanley and Adams, THIS JOURNAL, 

52, 1200 (1930). 
Stanley and Adams, ibid., 52, 1201 (1930). 

6 Bell and Kenyon, J. Soc. Chew. Ind., 45,864 (1926). 
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H O O C \ ~ C ~ H ~  

IV v 
I t  was found impossible to resolve either acid; of the chloro acid the 

following salts were investigated: di-strychnine, di-brucine, di-morphine, 
mono-cinchonine, di-cinchonine and mono-quinine, and of the tricarboxylic 
acid, the mono-strychnine, di-strychnine, mono-brucine, di-brucine and 
mono-cinchonine salts were prepared. 

If x-ray data are taken into consideration using the values C-Cl, 1.89 A. ; 
C-COOH, 1.56 A.; and C-C (2,2' for the diphenyl system), 2.90 A.;4 

in the case of the 2-(2-carboxy-6-chlorophenyl)-pyridine-3-carboxylic acid 
i t  is obvious that either the chlorine or carboxyl in the benzene ring should 
collide with the carboxyl in the pyridine ring and free rotation should be 
prevented (two carboxyls, 1.56 A. + 1.56 A. = 3.12 A. - 2.90 A. -+ + 
0.22 A,; one chlorine and one earboxyl, 1.56 A. + 1.89 k. = 3.45 A. - 
2.90 A. + + 0.55 A*). In  the case of the 3-(2-carboxypheny1)-6- 
phenylpyridine-2,4-dicarboxylic acid, similar conditions exist; the car- 
boxyl in the phenyl ring should collide with either of the carboxyls in the 
p y ridine nucleus. 

These results may indicate distortion within the molecule with subsequent 
free rotation, due to the electrical attraction of the basic nitrogen and acid 
carboxyl groups. Two diastereoisomeric salts were in no case isolated. 
More types of phenylpyridines must be studied before speculation in regard 
to  the stereochemical character of this class of compounds is extended. 
Other phenylpyridines and dipyridyls are under investigation in this 
Laboratory. 

It should be noted that the di-brucine salt of the chloro acid gave zero 
rotation, while all the salts of the tricarboxylic (except the monocinchonine) 
gave zero rotations. These substances obviously fall into a group which 
show abnormalities similar to those compounds which Haworth believed 
demonstrated the existence of labile optical  isomer^.^ Such a phenomenon 
is so general among alkaloidal salts' of many types that the autliors believe 
such conclusions as were drawn by Haworth to be misleading. 

Experimental Part 
8-Chloro-1-naphthy1amine.-The preparation was carried out in two steps. 

8-Chloro-1-nitronaphthalene was prepared according to Ullmam and Consonno8 by the 

6 "Annual Reports." 24, 101 (1928). 
Hyde and Adams, THIS JOURNAL, 50,2502 (1928). 
Ullmann and Consonno, Ber., 35, 2808 (1902); see also German Patent 99,758. 
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chlorination of 1-nitronaphthalene in 100-g. lots. The yield of the pure 8-chloro-1- 
nitro isomer after crystallization from benzene-ligroin was 23 g., m. p. 94-45". The 
reduction of 8-chloro-1-nitronaphthalene by tin and hydrochloric acid described by 
Ullmann was very tedious and good results were not obtained. S-chloro-l-naphthyl- 
amine was, however, prepared in 97% yield by the following method. 

An intimate mixture of 20 g. of Rchioro-1-nitronaphthalene with 60 g. of iron powder 
and 30 cc. of water in a 500-c~. found-bottomed flask fitted with a reflux condenser was 
heated for ten minutes on the steam-bath and a few drops of concd. hydrochloric acid 
added through the condenser, the flask being well shaken. Heating was thereafter con- 
tinued for seven hours with occasional shaking. With longer heating decomposition of 
the molecule becomes a factor, and with less time unreduced nitro compound is recov- 
ered. The mixture was cooled and the amine extracted with ethyl alcohol until the fil- 
trate gave no precipitate with water. The alcoholic filtrate was poured into a large 
excess of water and the precipitate filtered. The latter was then dissolved in dilute 
hydrochloric acid, filtered from any nitro compound and the arnine precipitated with 
ammonia. The amine separates from ligroin in small colorless needles which turn dark 
purple in color on exposure to the air; m. p. 95-96' (various values for the melting point 
are given in the literature; Ullmann, 89"; Atterberg, 93-94°).9 

Anal. Calcd. for CloH&TC1: (Parr bomb) C1,20.00. Found: C1, 19.93. 
10-Chloro-a-naphthoquino1ine.-The Skraup synthesis was carried out using 

arsenic acid as the oxidizing agent in the proportions given by Clauslo for the conversion 
of or-naphthylamine to a-naphthoquinoline. To 59.5 g. of 8-chloro-1-naphthylamine in 
a 1-liter, 3-necked flask fitted with a mechanical stirrer, condenser and dropping funnel, 
were added 54.2 g. of arsenic acid (sp. gr. 2) and 178.7 g. of glycerol in the order named. 
Then 113.8 g. of concd. sulfuric acid was added gradually from the dropping funnel, the 
stirrer being started whenever the mixture became sufficiently liquid. The mixture 
was heated for one and one-half hours at  100' in an oil-bath, and then for nine hours a t  
170-180". The material was poured while hot into a large excess of water and the 
precipitate allowed to settle overnight. The resinous precipitate was removed by 
filtration through an ordinary filter funnel and washed with water. The combined 
filtrates were placed in a 3-liter separatory funnel and a layer of ether followed by an 
ice-cold solution of 44 g. of potassium hydroxide (one-third the calcd. amount to neu- 
tralize the sulfuric acid used) in about 220 cc. of water was added. This ethereal extract 
consists almost entirely of resinous material. The aqueous layer was then treated 
similarly with a concd. solution of 88 g. of potassium hydroxide (the remaining two- 
thirds necessary for neutralization) and the precipitate extracted thoroughly with ether. 
The ether layer was dried over anhydrous magnesium sulfate and the ether removed. 
The yield of crude material was 47.5 g. A second run of 27.5 g. of chloronaphthyl- 
amine was made and the 17.5 g. of crude material obtained was added to  the first 
product; the resulting 65 g. of crude material after two crystallizations from ligroin 
gave 26.8 g. with the constant, m. p. 81-82'. The insoluble material was re-extracted 
with boiling ligroin and 3.7 g. with a melting point of 81.5-82' was obtained. The total 
yield of pure 10-chloro-a-naphthoquinoline was 30.5 g. (20%). It crystallized from 
ligroin in small, hard, bright yellow prisms, m. p. 81.542". 

A n d .  Calcd. for ClrHsNC1: C1, 16.63. Found: C1, 16.44. 
2-(2-Carboxy-6-chloropheny1)-pyridine-3-carbolic Acid.Skraup and Cobenzlll 

found that oxidation of a-naphthoquinoline with chromic acid gave a-naphthoquinoline- 

Ullmann, Ber., 35, 2809 (1902); Atterberg, ibid., 9, 1731 (1876). 
lo Claus, J. prakt. Chern.. [2] 57, 68 (1898). 
I1 Skraup and Cobenzl, Monotsh., 4,463 (1883). 
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quinone, while oxidation with permanganate a t  40-50' gave a 70% yield of a-phenyl- 
pyridine-dicarboxylic acid. I t  was found possible to oxidize chloronaphthoquinoline to 
the dicarboxylic acid with permanganate but the higher temperature of 100" was 
necessary. The difficulty with such oxidations is the isolation of the acid, as there is no 
general method suitable for all the acids. After several attempts, the following method 
gave the best results. A mixture of 10 g. of chloronaphthoquinoline and 800 cc. of 
water was heated to 100' in a 3-liter, 3-necked flask fitted with a mechanical stirrer, 
condenser and dropping funnel. To the boiling mixture was added gradually from the 
dropping funnel a cold saturated solution of 21.8 g. of potassium permanganate (10% 
excess) in water. Decolorization of the permanganate was almost immediate and the 
addition was complete in forty-five minutes. The hot liquid was filtered from the 
manganese dioxide, the latter washed thoroughly with boiling water and the united 
filtrates allowed to cool. A small amount of unoxidized quinoliie usually separated at  
this point and was removed by filtration. The solution was then made slightly acid 
with hydrochloric acid and evaporated to a very small volume on the steam-bath, when 
crystals of the dicarboxylic acid separated. The yield was 5 g. The acid was slightly 
colored and was purified by dissolving in alcohol, decolorizing with norit, and after 
concentration of the solution, diluting the latter with hot water until a slight cloudiness 
appeared. On cooling, the solution deposited small, colorless crystals of 2-(2-carboxy-6- 
chloropheny1)-pyridine-3-carboxylic acid. They showed no sharp melting point, but 
turned dark around 240'. and completely melted a t  252-256' with decomposition. 

Anal. Calcd. for ClaH804NC1: C1, 12.86. Found: C1, 13.04. 
The yields obtained in the synthesis of this acid may be summarieed as follows: 

450 g. nitronaphthalene -+ 121.6 g.; 8-chloro-1-nitronaphthalene --+- 87 g.; 
8-chloro-1-naphthylamine ---+ 30.5 g. ; 10-chloro-a-naphthoquinoline + 15 g. ; 
chlorophenylpyridine-dicarboxylic acid. 

Alkaloid Salts of Chlorophenyl-pyridine-dicarboxylic Acid 
Di-strychnine Salt.-Warm methyl alcohol solutions of 1.2 g. of acid and 2.87 g. 

of strychnine were mixed and evaporated to dryness. The hard amorphous solid so 
obtained crystallized slowly from hot water in large, translucent parallelogram plates. 
These on exposure to the air effloresced to give a white powder which was dried in a 
desiccator, m. p. 171-173'. The first fraction, consisting of 1 g. (one-fourth of the total 
salt) had the specific rotation [ a ] ~  -21.37" in chloroform, and on a second crystalliza- 
tion had [ a ] ~  -25.45". A second fraction from the original mother liquors gave 
[ f f ] ~  -25.3", and the final mother liquor on evaporation to dryness gave a salt with 
[ a ] ~  -21.16'. 

Rotation. 0.3041 g. made up to 25 cc. with chloroform a t  20' gave a D  = -0.52'; 
2 = 2; [ a ] ~  -21.37". 

Anal. Calcd. for C66H620fi6Cl: neut. equiv., 472.7. Found: 473.6. 
One g&m of the salt was decomposed with dilute ammonia and the strychnine re- 

moved by extraction with chloroform. The aqueous solution of the ammonium salt of 
the acid was evaporated to dryness and showed no optical activity in aqueous solution. 

Di-brucine Salt.-The di-brucine salt was made in and crystallized from methyl 
alcohol. Clusters of long, slender, colorless needles separated and effloresced in air. 
They were powdered and dried in air; m. p. 168-170". All the fractions isolated as 
well as the mother liquors had zero rotation. The salt also crystallized from ethyl ace- 
tate in small hard prisms, but no change in rotation was observed. 

Anal. Calcd. for C ~ ~ H B ~ O ~ ~ N ~ C ~ :  C1, 3.33. Found: C1, 3.53. 
Di-morphine Salt.-This salt was made in methyl alcohol and did not crystallize 

readily from any of the ordinary solvents. Crystals were obtained by dissolving the 
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salt in the minimum amount of hot ethyl alcohol and adding hot ethyl acetate until 
one more drop turned the solution cloudy. On cooling, small, colorless crystds sepa- 
rated, m. p. 200-204". Six fractions in all were isolated, and had the same rotation in 
absolute methyl alcohol. 

Rotation. 0.1067 g. made up to 25 cc. with methyl alcohol a t  20' gave an = 
-0.589"; 1 = 2; [aID -69.08". 

Anal. Calcd. for CBHeO$NaCl; C1, 4.19. Found: C1,4.26. 
Mono-cinchonine Salt;--This was prepared in methyl alcohol, and crystallized 

from a large volume of ethyl acetate in small colorless prisms, m. p. 154-1~5f3~. Three 
fractions were isolated and the salt in the mother liquors recovered. All gave the 
same rotation. 

Rotation. 0.1014 g. made up to 20 cc. with absolute methy1 alcohol a t  20" gave 
(YD = +0.763O; 1 = 2; [ a ] ~  +75.2'. 

The first fraction, consisting of a gram of salt, was decomposed by shaking with 
dilute ammonia and chloroform in a separatory funnel. The ammonium salt solution 
was evaporated to dryness. I t  gave zero rotation. 

Di-cinchonine Salt.-Methyl alcohol solutions of the acid and alkaloid were 
mixed, evaporated to small bulk and water added to the precipitation point. On cooling 
small crystals separated, m. p. 194-196'. They could not be recrystallized from any 
single solvent. All the fractions obtained had the same rotation, and this was not al- 
tered by three precipitations of the first fraction. 

Rotation. 0.1060 g. made up to 20 cc. with absolute methyl alcohol a t  20' gave 
an = Jr1.25"; 1 = 2; [ a ] ~  f117.8'. 

Anal. Calcd. for C61H620~NbC1: C1, 4.1. Found: C1, 4.26. 
A 1-g. portion of the purified first fraction was decomposed with ammonia and the 

ammonium salt of the acid isolated. It gave a zero rotation. 
Mono-quinine Salt.-This salt could not be recrystallized readily, but three frae- 

tions of microscopic, colorless crystals were obtained from benzene containing a little 
ethyl alcohol, m. p. 152-155". The fractions and the salt recovered from the mother 
liquor all gave the same rotation. 

Rotation. 0.1060 g. made up to 20 cc. with absolute methyl alcohol a t  20' gave 
cm = -0.624'; 1 = 2 ;  [or111 -58.89'. 

Anal. Calcd. for C38H3206N3Cl: C1, 6.13. Found: C1, 5.91. 
or-Phenyl-pnaphthoquinoline-7-carboxylic Acid.-This was prepared and purified 

according to the method of Dobner and Kuntze12 and was obtained in 50% yield, m. p. 
290" (Dobner, 53% yield, m. p. 296"). 

Anal. Calcd. for CzoH13NO?: neut. equiv., 299. Found: 299.3. 
3-(2-Carboxypheny1)-6-phenylpyridine 2,4-dicarboxylic Acid.-Dobner12 reports 

that ol-phenyl-p-naphthoquinoline-r-carboxylic acid could not be oxidized to a tri- 
carboxylic acid, while the corresponding a-naphthoquinoline compound w'as oxidized 
to the tricarboxylic acid with alkaline permanganate at  50°. Immerheiser13 reported 
the oxidation of p-naphthoquinoline-8-sulfonic acid by dissolving the potassium salt of 
the acid in water and using a neutral solution of potassium permanganate a t  ordinary 
temperatures. It was found that by this latter method or-phenyl-P-naphthoquinoline- 
7-carboxylic acid could be oxidized very rapidly at  ordinary temperatures to the corre- 
sponding tricarboxylic acid, and by using a large excess of permanganate until a per- 
manent purple color remained in the reaction mixture, no unoxidized material was ob- 

l2 Dobner and Kuntze, Ann., 249, 129 (1889). 
l3 Immerheiser, Ber., 22, 405 (1889). 
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tained. No ketone acid was isolated corresponding to those reported by Immerheiserl* 
and Dobner.lz 

A solution of 14.5 g. of a-phenyl-j3-naphth0q~inoline--y-carboxylic acid in 600 cc. 
of warm water was treated with a concd. solution of potassium hydroxide until the re- 
sulting solution was just alkaline to phenolphthalein. The solution was cooled and 
placed in a 2-liter, 2-necked flask fitted with a mechanical stirrer and a dropping funnel. 
A concentrated aqueous solution of potassium permanganate (25 g., 20% excess) 
was added gradually with rapid stirring. The mixture warmed up considerably and the 
decolorization was instantaneous. The manganese dioxide was allowed to coagulate 
overnight, the clear solution decanted off, and the manganese dioxide extracted thor- 
oughly with boiling water. The combined filtrates, on being made strongly acid to 
methyl orange with sulfuric acid, gave a white oily precipitate which did not crys- 
tallize on standing. This was extracted with ether and dried over anhydrous mag- 
nesium sulfate. On removal of the solvent, 16.5 g. of crystalline material was obtained, 
m. p. 123-12g0. It was recrystallized by dissolving it in the minimum amount of hot 
ethyl acetate and adding ligroin to the point of precipitation. On cooling, 13 g. (74%) 
of small colorless crystals was obtained. Recrystallization from ethyl acetate gave a 
constant melting point of 202 '. 

Anal. Calcd. for CpoH18NOe: C, 66.1; H, 3.58; neut. equiv., 121. Found: 
C ,  59.9; H, 3.32; neut. equiv., 122.7. 

Alkaloid Salts of 3-(2-Carboxypheny1)-6-phenylpyridine-2,4- 
dicarboxylic Acid 

Mono-strychnine Salt.-The salt was made in methyl alcohol, and would not 
aystallize readily from any solvent. The crude material gave zero rotation with sodium 
light, and so did a small crystalline fraction obtained from a mixture of chloroform and 
ethyl acetate. 

Di-strychnine Salt.-This separated in small, colorless prisms from benzene con- 
taining a little ethyl alcohol; m. p. about 238' with decomposition. 

Anal. Calcd. for CszHs701aNs: neut. equiv., 344.3. Found: neut. equiv., 341.7. 

A constant rotation was shown by all fractions; rotation: 0.2022 g. made up to 20 
cc. with chloroform a t  20' gave a~ = -0.173 O; 1 = 2; [a]D - 8.57". 

The fist  fraction and the salt recovered from the mother liquors were both de- 
composed with ammonia and the ammonium salt isolated in the usual manner. Neither 
showed rotation. 

Mono-brucine Salt.-This salt could not be recrystallized readily from any solvent. 
A few crystals were obtained from water, and they, as well as the crude material, gave 
zero rotation. 

Di-brucine Salt.-The salt was crystallized from a small volume of absolute ethyl 
alcohol. I t  separated in small, regular prisms and all the fractions obtained showed no 
rotation. The salt had no definite melting point; it partially melted a t  204" with de- 
composition, and was completely melted by 225". 

Anal. Calcd. for CasH~60~rNa: neut. equiv., 383.6. Found: neut. equiv., 383.6. 

Mono-cinchonine Salt.-The crude salt had a rotation of +75.46 '. 
Rotation. 0.2068 g. made up to 25 cc. with absolute methyl alcohol at  20' gave 

a~ = 4-1.249'; 1 = 2; [ a ] ~  +75.46'. 

Four fractions were isolated by crystallization from water containing a little 
ethyl alcohol and none showed any change in rotation; the crystals melted and resolidi- 
fied at 174-176', and fmally melted with further decomposition a t  200-204°. The 



first fraction, after two recrystallizations rotated as follows: rotation, 0.2016 g. made 
up to 25 cc. with methyl alcohol a t  20' gave aa = - 1.214'; 1 = 2; [ a ] n  4-75.26". 

This fraction and the salt from the original mother liquor were decomposed and the 
ammonium salts isolated. Neither showed rotation. 

Esters of 3-(2-C~box~rphenyl)-6-phenylpyridine-2,4-dicarboxylic Acid 
It was thought that the ortho-substituted groups might be enlarged by esterifica- 

tion of the three acid groups with an alcohol of comparatively large size. If a crys- 
talline tri-ester could be obtained, then resolution might be possible by forming salts of 
the pyridine nitrogen. Alternatively, a tri-ester of an optically active alcohol might 
separate into two diitereoisomers on recrystallization. 

Tricarboxylic Acid Trichloride.-The acid was treated with an excess of thionyl 
chloride in a flask fitted with a ground-in water condenser until there was no further 
reaction. This required about two hours. The acid chloride was then washed out with 
ligroin and the latter decanted. The acid chloride was dried in a vacuum desiccator; 
m. p. 127-130°. It was found impossible to recrystallize it from any of the ordinary 
solvents. 

Anal. Calcd. for CzoHl&OsCb: C1,25.47. Found: C1,24.7. 
Tri-n-butyl Ester of the Tricarboxylic Acid.--One mole of the acid trichloride was 

treated with 3 moles of n-butyl alcohol and warmed on the water-bath until the mass 
was homogenwus. The product was poured into water, made slightly alkaline with 
sodium carbonate and extracted with ether. The ethereal layer, after being washed 
with water and dried, gave a thick sirup which could not be crystallized. 

Trimenthyl Ester of the Tricarboxylic Acid.-This was prepared in an  analogous 
manner to the tributyl ester. The sirup so obtained could not be recrystallized. 

Rotation. 0.2559 g. made up to 20 cc. with acetone at 20 " gave CYD - 0.97 ; 1 = 2 ; 
[ U ] D  -38'. 

Summary 

1. The possibilities of optical isomerism in the phenylpyridines as 
compared with the diphenyl series is discussed. 

2. 10-Chloro-a-naphthoquinoline and 2-(2-carboxy-6-chloropheny1)- 
pyridine-3-carboxylic acid were prepared. Salts of this acid with several 
alkaloids were made, but no separation into diastereoisomers was observed. 

3. 3-(2-Carboxyphenyl)-6-phenylpyridine-2,4-dicarboxylic acid was 
prepared; its alkaloid salts appeared to exist in only one form. 
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[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE UNIVERSITY OF ILLINOIS] 

SYNTHESIS OF NERVONIC ACID 

Klenkl isolated from cattle and human brains a cerebroside which upon 
hydrolysis gave galactose, sphingosin and an unsaturated acid melting at  
41'. He established its formula as C24H4602 and its exact constitution as 
tetracosene-13-oic acid (I) by oxidizing it to pelargonic acid and trideca- 
methylene dicarboxylic acid. Moreover, on catalytic reduction it yielded a 
saturated acid melting at 85' identical with lignoceric acid from beech- 
wood tar and with n-tetracosanic acid synthesized from behenic acid. 
He also reported that by melting over nitric acid, a new isomeric acid 
melting at  61' was obtained. Nervonic acid was shown to be identical 
with selachaleic acid isolated from whale 

CHI(CHZ) -CH=CH-(CH~)~J-COOH (1) 
It is obvious that nervonic acid is probably the cis form of erucylacetic 

acid. By synthesis this has been shown to be the case. Ethyl erucate was 
reduced to erucyl alcohol (11) which was converted to the bromide and this 
in turn carried through a malonic ester synthesis to erucylacetic acid (111) : 
CH~(CH~)~CH=CH(CH~)II-CHH~OH -+ 
CH~(CH~)~CH=CH(CH~)II-CH~-CH(COOC~H~)~ + 

TT 
II 

CH~(CHZ)~CH=CH(CH~)~~-CH~CH~COOH 
I11 

Several runs of product were made and only once was the yield essentially 
all acid melting at 39-40' (Klenk 41°). In general the product was a 
mixture of cis and trans isomers which could, however, be separated by 
crystallization, giving the low melting at 39-39.5O and the high melting at 
61'. On account of the high boiling point of all the intermediates the 
tendency to isomerize to the stabler trans forms of the intermediates was 
probably increased. 

The low-melting erucylacetic acid was readily converted to the high- 
melting form by melting over nitric acid and both forms were reduced to n- 
tetracosanoic acid identical with an authentic sample of this acid. More- 
over, the mixed erucylacetic acids were esterified and reduced and gave a 
product melting at 55', identical with that of ethyl tetracosanate made by 
a different method. 

Experimental 
Erucyl Alcohol.-To a mixture of 200 g. of methyl erucate (0.5 mole) and 2000 cc. 

of anhydrous n-butyl alcohol in a 5-liter flask equipped with a reflux condenser was added 

Klenk, Z. Physiol. Chem., 145, 244 (1925) ; 157, 283 (1926); 166, 268 (1927) ; 166, 
287 (1927). 

Tsujimoto and Mitsumaru, Z. deut. 01. Fett.-Ind., 46, 385 (1926); J. Soc. Chem. 
Ind .  Japan (SuPpE.), 30,868 (1927); Hilditch and Houlbrook, Analyst, 53, 246 (1928). 
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slowly 50 g. of sodium in large chunks. I t  was necessary to control the reaction oc- 
casionally with an ice jacket. When nearly all the sodium had been consumed, 80 cc. 
of water was added to the flask and the contents refluxed vigorously for half an hour. 
After partial cooling, 600 cc. more water was added, %?hereupon two layers separated. 
The lower layer was siphoned off and discarded and the upper layer was washed twice 
with 500-cc. portions of 20% sodium chloride solution. An aqueous solution of 25 g. of 
calcium chloride was added and the mixture subjected to steam distillation until re- 
moval of the butyl alcohol was complete. After cooling, the solid material was removed 
from the flask by hand, pressed between filter paper to remove as much water as possible 
and dissolved in two Liters of toluene by gentle heating. On cooling with tap water, a 
slush of calcium erucate separated out and was removed by filtration. The filtrate was 
separated from the small quantity of water that had been carried along and then the 
tolticne removed by distillation. The crude product thus obtained was purified by dis- 
tillation under diminished pressure; b. p. 200-205" a t  1 mm. The yields varied up to 55% 
of the theoretical amount. A small sample of this product after several recrystalliza- 
tions from petroleum ether melted at  34-35'. Willst5ttt-r and M a ~ e r , ~  who have 
prepared erucyl alcohol by a somewhat similar method, record the melting point of their 
product as 34.5". 

Erucyl Bromide.--A solution of 129 g. of erucyl alcohol (0.4 mole) in 400 cc. of 
anhydrous toluene was cooled to -10" in a 2-liter flask equipped with a mechanical 
stirrer, thermometer and dropping funnel. To this solution 40 g. of phosphorus tri- 
bromide (0.44 mole) in 200 cc. of anhydrous toluene was added, with stirring, a t  such a 
rate that the temperature never rose above - 5 ". The mixture was then heated on a 
steam-bath for four hours and the toluene removed by distillation. The product was 
dissolved in 500 cc. of ether, washed with two 100-cc. portions of a solution containing 
10% potassium hydroxide and 10% sodium chloride and finally with water. The 
ether solution was dried with anhydrous magnesium sulfate, the ether removed and the 
product purified by distillation under diminished pressure. The yields were from 50- 
6OY0 of the theoretical amount of erucyl bromide; b. p. 203-207' a t  1 mm. 

Erucyl Malonic Ester.-To a solution containing 4 g. of sodium dissolved in 104 cc. 
of absolute alcohol was added 33 g. of diethyl malonate (6 2 moles). Then 68 g. of 
erucyl bromide (0.175 mole) was run in slowly and the mixture refluxed with stirring 
for thirty-six hours, after which time it was only faintly alkaline to moist litmus paper. 
The alcohol was distilled off and 400 ec. of water containing about 3 cc. of hydrochloric 
acid was added. The product appeared on the surface as a brown oil which was sepa- 
rated from the rest of the mixture. This was dried by distilling from it 50 cc. of ben- 
zene. The yield of crude product thus obtained was 95 g. 

I t  was found that the ester boiled above 270" at  1-mm. pressure so a high vacuum 
distillation system was arranged, This apparatus consisted of a high vacuum pump in 
connection with a mercury vapor pump which in turn was connected through all glass 
seals to a distilling flask and receiver. A liquid-air trap between the mercury vapor 
pump and the distilling flask prevented any fouling of the vacuum-producing system 
with volatile organic material. The pressure was recorded by means of a McLeod gage 
sealed in between the mercury vapor pump and the liquid-air trap. Bumping was 
prevented by inserting a small piece of clay plate into the liquid in the distilling flask 
before sealing it off. All low-boiling compounds were removed before placing the erucyl 
malonic ester in this system by heating to 220 first on a water pump and finally a t  1 mm.- 
pressure on an oil-pump as long as any volatile material distilled. I n  this manner the 
product was found to boil a t  203-207" a t  0.001 mm. (It should be recorded that the 
pressure measured in this system was that existing between the mercury vapor pump 

Willstatter and Mayer, Ber., 41, 1478 (1928). 
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and the cold trap. The pressure on the ester itself may have been as  high a s  0.01 mm.) 
The  yield of erucyl malonic ester was 62.5 g. (78%). d 

Anal. Subs., 0.2113: Cot, 0.5400; H20, 0.1971. Calcd. for C.9H5404: C, 74.68; 
H, 11.69. Found: C, 74.68; H, 11.99. 

Erucylacetic Acid or Nervonic Acid.-The crude erucyl malonic ester obtained above 
was saponified without further purification. 

A mixture of 95 g. of crude erucyl malonic ester, 56 g. of potassium hydroxide and 
350 cc. of 60% alcohol was refluxed for forty-eight hours. The condenser was changed 
for downward distillation and after most of the alcohol had been removed, 500 cc. of 
water containing 60 g. of sulfuric acid was added. The resulting precipitate was ex- 
tracted with several portions of ether, dried with anhydrous magnesium sulfate and 
filtered. After removal of the ether the product was heated a t  175' for one hour t o  
remove carbon dioxide, then distilled under diminished pressure. This distillation was 
carried out as rapidly as possible to minimize decomposition, and 40 g. of a product, b. p. 
235-250" a t  1 mm , was obtained. This was a mixture melting a t  25-43 " but was sepa- 
rated into three pure components by a scheme of fractional recrystallization as follows. 

The entire 40 g. was dissolved in 300 cc. of absolute alcohol and cooled very slowly 
t o  - 10 ". The precipitate of fine white crystals was filtered and the mother liquor again 
cooled t o  - lo0, when a second crop appeared which was filtered and added to the first. 
The  combined product was then recrystallized twice more from 100-cc. portions of al- 
cohol and a 10-g. yield of pure presumably trans-erucylacetic acid, m. p. 61 ", was ob- 
tained. This corresponds to  the trans form of nervonic acid, m. p. 61°, obtained by 
Klenk on melting the cis form over dilute nitric acid. 

The original mother liquor was now evaporated on the steam-bath t o  ahout 76 cc. 
and cooled until a small precipitate of white crystals appeared, which were filtered 
without further cooling. A melting point indicated that  this was a mixture of the cis 
and trans forms of the acid. On further cooling the mother liquor to  - 10' a generous 
crop of crystals separated which after drying melted a t  3638O. Two subsequent re- 
crystallizations yielded 3 g. of a product, m. p. 3939.5'; the melting point did not 
change after a thiid recrystallization. This corresponds to  the nenronic acid of Klenk, 
rn. p. 4 0 4 1  O. 

Anal. Subs., 0.1668: C02, 0.4795; Hn0, 0.1886. Calcd. for C24Hte02: C. 78.60; 
H, 12.64. Found: (2.78.39; H, 1265. 

Further working of the mother liquor yielded only an oil which, although unidenti- 
fied, was probably ethyl erucyl ether formed during the malonic ester condensation. 

Conversion of the Cis Form of Erucylacetic Acid to the P a n s  Form.-A small 
sample of the cis nervonic acid, m. p. 3939.5". was melted over 15 cc. of dilute nitric 
acid, to  which a pinch of sodium nitrite had been added. The product was separated by 
cooling and after two recrystallizations from absolute alcohol melted a t  62-63'. A 
sample of this mixed with a sample of the trans form obtained before melted a t  61-62", 

Anal. Calcd. for C Z ~ H ~ ~ O ~ :  C, 78.60; H, 12.64. Found: C, 78.35; H, 12.59. 
Reauction of Cis and Trans Forms of Nervonic Acid to n-Tetracosanoic Acid.-- 

A sample of 0 2 g. of cis nervonic acid, m. p. 39-39.5', was dissolved in 25 cc. of absolute 
alcohol, and the solution shaken with hydrogen under a pressure of 3 atm for one hour, 
in  the presence of 0.1 g. of platinum oxide catalyst. The reduced acid separated as  
fine white crystals as the reduction proceeded. The product thus obtained after re- 
moval of the platinum was recrystallized three times from absolute alcohol, and three 
times from acetone. It then melted a t  83-84', 

A sample of trans nervonic acid was reduced and the product purified according 
t o  the  same procedure. This product also melted 83-84', and a mixed melting point of 
the  two acids showed no depression. 
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Anal. Calcd. for CtoH4802: C ,  78.17; H, 13.13. Found: C, 78.54; H, 13.29. 
Various values have been recorded in the literature for the melting point of la- 

tetracosanoic acid. Levcne and Taylor,* who have synthetically prepared all the normal 
acids of this ~eries, report 85--SBO as the melting point of this memher. Meyer, Brod 
and Soykahbtaincd 85.5-8G0, Brig16 85', and Levene, West, Allen and von der 
Sd1eer7 87.5438'. Shriner, Nabenhauer and Anderson8 obtained n-tetracosanoic acid 
from corn wax, and report as its melting point 85-86'. The last authors made mixed 
meltmg-point determinations with a sample of the same acid prepared by Taylor and 
Leve~ie.~ The acid prepared in this investigation melted a t  83-M0 and a mixed melting- 
point determinat~on with a sample of Shriner's naturaLy occurring acid was made. It 
was found under the melting point conditions used that the melting point of the tt- 

tetracosanoic acid, from reduction of erucylacetic acid, the natural n-tetracosanoic 
acid of Shrincr, Nabetihouer and Anderson an3 a mixture of the two was exactly the 
same, X3-84". Recrystallization from various solvents failed to alter the melting point 
of either acid. 

Ethyl Erucy1acetate.-The cthyl ester of erucylacetic acid was prepared by re- 
fluxing 110 g. of the acid (0.3 mole) (which was presumably a mixture of the cis and trans 
isomers) with 1 liter of absolute alcollol to which 2 cc. of concentrated sulfuric acid had 
been added, overnight. The product boiled a t  233-234' a t  1 mm., and the yield was 
117 g. 

Anal. Subs., 0.1553: CO., 0.4489; H20, 0.1774. Calcd. for C26H6002: C, 79.11; 
H, 12.77. Found: C, 78.83; H, 12.79. 

Ethyl n-Tetracosan0ate.-A solution of 5 g. of ethyl erucylacetate in 100 cc of 95% 
alcohol was shaken with hydrogen under 2.5-3 atmospheres' pressure, in the presence 
of 0.2 g. of platinum oxide catalyst. The reduction required only a few minutes and the 
product crystallized out as it was formed. The pressure was released and the alcohol 
heated to boiling to take the ester back into solution. The hot solution was filtered 
free from platinum and cooled again. The white plates which crystallized out were 
filtered and recrystallized three times from ethyl alcohol and four times from acetone; 
m. p. 55-56' (corn.). Lcvene and Taylor4 record the melting point of the same com- 
pound prepared by esterifying the ester as 55.5-56.5'. 

Summary 

Erucylacetic acid has been prepared from erucyl alcohol through the 
bromide and malonic ester synthesis and has been shown to be identical. 
with nervonic acid obtained from hydrolysis of the cerebroside isolated 
from human brains. 

URBANA, ILLINOIS 
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Brigl, Z. physik. Chem., 95, 161 (1925). 
Levene, West, Allen and von der Scheer, J. Biol. Chem., 23, 71 (1915). 
Shriner, Nabenhauer and Anderson, THIS JOURNAL. 49,1290 (1927). 
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Prioz to this work, no record exists concerning the behavior of methyl- 
acetylene, CHs-C=CH, at  high temperatures. Except for Lebedev's 
work, the same may be said for allene, CH2=C===CH2. Lebedev4 heated 
allene a t  140' under pressure for several days and obtained a series of poly- 
mers. He also subjected trimethylallene, sym- and unsym-dimethyl- 
allene to the same conditions of warmth, pressure and time and found that 
they also gave rise to polymers. 

General Results with Allene 

The present experiments were made over a temperature range of 400 to 
600' and the hot contact time was made a matter of seconds rather than a 
matter of hours and days as in Lebedev's experiments. Here, also, it was 
found that polymerization was the predominant reaction of allene. At a 
temperature of 500" and with a contact time of eighty-six seconds, four- 
fifths of the allene entering the reaction tube was consumed and 90% of the 
product appeared as liquids. These liquid products were distilled re- 
peatedly so as to obtain pure fractions. The properties of the lower- 
boiling fractions were found to be very nearly identical in physical con- 
stants and general appearance with two of Lebedev's polymers, namely, 
the dimer and the alpha tetramer. The higher-boiling fractions differed 
from Lebedev's polymers but were high-boiling tarry substances. Lebedev 
stated that several of the polymers, in particular the trimer and the beta 
tetramer, were unstable at  elevated temperatures, so it is not surprising 
that they were not encountered in the present experiments. 

A temperature of 500" seems to be the best for the formation of these 
liquids by the flow method. At lower temperatures, the reaction proceeds 
too slowly, while at  higher temperatures less polymeric liquids and more 
gaseous products are formed although the percentage of allene pyrolyzed is 
greater. Thus, at 600°, with a hot contact time of fifty seconds, only 43% 

1 This paper contains results obtained in an investigation on "The Thermal De- 
composition of Pure Hydrocarbons and Related Compounds," listed as Project No. 18 
of American Petroleum Institute Research. Financial assistance in this work has been 
received from a research fund of the American Petroleum Institute donated by the 
Universal Oil Products Company. This fund is being administered by the Institute 
with the cooperation of the Central Petroleum Committee of the National Research 
Council. 

American Petroleum InstitQte Junior Research Fellow. 
3 Director, Project No. 18. 

Lebedev, J. Russ. Phys.-Chem. Soc., 45, 1249-1388 (1913); J. Chem. Soc. (abst.). 
104, 1285 (1913). 
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of tbe non-recoverable allene appeared as liquids. Concurrently, each 10 
cc. (gaseous) of this allene gave rise to about four cc. of gas. At 500°, 
with a hot contact time of eighty-six seconds, nine-tenths of the non- 
recoverable allene was changed into liquids and only I cc. of gas was 
formed from each 10 cc. of ailene. Carbon and tar formation played a 
major role in the 600' experiments, whereas at 500' almost no tar or carbon 
was formed. 

The gases formed in the pyrolysis of allene were methane, hydrogen, 
ethane, ethylene and small amounts of acetylenes. Methane represented 
the larger part at  500°, but at  600' the volumes of methane and hydrogen 
were almost equal. In all cases, however, the gases represented but a 
small part of the reaction products. 

Mechanism of the Pyrolysis.-Earlier studies on the behavior of 
butane, isobutanes and isobutylene6 at  high temperatures furnish a basis 
with which to predict something of the mechanism of allene pyrolysis. 
The butanes, having no double bonds in their structure, change exclusively 
into compounds of simpler structure, evidently by complete rupture of 
C-C or C-H bonds. Isobutylene, with one double bond and one single 
bond, gives rise not only to simpler compounds but also to more complex 
ones. The simpler compounds appear to be formed by single bond C-C 
scission, whereas the complex liquid hydrocarbons are formed because of 
double bond C=C activation which is followed by a polymerization proc- 
ess. Allene presents no opportunity to break into simpler compounds by 
scission of single bonds since only double bonds are present in the allene 
chain. Therefore, it would be logical to assume that only complex liquid 
polymerization products should be formed on pyrolysis. As has been 
shown, this is indeed the major, and nearly the exclusive, primary effect. 
It may be symbolized as follows 

x CH2=C=d!Hz 4 x [CHz-CH=CH2] + (C3H4)= 
I I 

Probably, as Lebedev suggested, these polymers are cyclobutane deriva- 
tives, the dimer being dimethenylcyclobutane. This dimer, with two 
double bonds still in its structure, may undergo further polymerization 
reactions. 

General Results with Methylacetylene.-Methylacetylene which 
contained about 5% of allene as an impurity was prepared by the action of 
alcoholic potassium hydroxide on propylene bromide. This was used in the 
first experiments. As in the case of allene, liquids were by far the most 
abundant product of the pyrolytic reaction. With a hot contact time of 
one hundred seconds a t  500' the liquids accounted for 78% of the methyl- 
acetylene pyrolyzed, while a t  575' and forty-eight seconds the percentage 

6 Hurd and Spence, THIS JOURNAL, 51, 3353 (1929). 
Hurd and Spence, ibid., 51, 3501 (1929). 
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of liquids rose to 88. At 650° there was a great increase in the amount of 
ethylene, hydrogen and methane formed, while the yield of liquids dropped 
to 6lYo. This behavior paralleled that of allene under similar conditions. 
Furthermore, when these liquid products were fractionally distilled as 
carefully as the small amounts available would permit, the fractions were 
found to be very nearly identical with the lower-boiling allene polymers. 
There was no trace of the formation of any aromatic hydrocarbons. 

When the off-gas which resulted from the pyrolysis of methylacetylene 
was analyzed, there was always a considerable portion which was gradually 
absorbed in 82.4y0 sulfuric acid. This portion might represent either 
allene or propylene. Aside from the fact that some allene was a con- 
taminant in the original methylacetylene, the reasons for thinking that it 
was allene are as follows: (1) because of its slow rate of solution; (2) be- 
cause propylene could not have been formed except by hydrogenation, an 
improbability in view of the small concentration of hydrogen in the off-gas; 
(3) because the liquid products were so very similar to those obtained from 
pure allene. To settle the point definitely, however, it was deaded to 
pyrolyze an allene-free specimen of methylacetylene and to identify the 
off-gas in question as bromides. Propylene would give its dibromide, 
whereas allene would give rise to its di- and tetrabromides, the latter of 
which would be recognized by its lachrymatory properties, its high boiling 
point and its comparatively high melting point. 

Accordingly, some pure methylacetylene was prepared by the interaction 
of sodium acetylide and either methyl iodide or dimethyl sulfate. The use 
of dimethyl sulfate, which is a new method, is preferable. This methyl- 
acetylene was pyrolyzed at 500'. The off-gas was carefully collected and 
all acetylenes were extracted from it by alkaline potassium iodomercurate 
reagent. The gas which remained was passed several times through a 
solution of bromine in carbon tetrachloride so as to form bromides of all 
unsaturated hydrocarbons still remaining. On fractionation these bro- 
mides were found to consist principally of allene dibromide and allene tetra- 
bromide. This proves that allene was formed during the pyrolysis of 
methylacetylene. The similarity of the liquids obtained from metbyl- 
acetylene to those obtained from allene suggests that these liquids are 
formed from allene, rather than directly from methylacetylene. 

Theoretical Considerations 
Acetylene, when heated, undergoes pyrolysis to a large extent into ben- 

zene' and other aromatic hydrocarbons. Analogously, one might assume 
that methylacetylene should change into mesitylene and other aromatics. 
Such, however, is not the case. The fundamental change in methylacety- 
lene is one of isomerism into allene, a change which is predictable on the 

Pease, THIS JOURNAL, 51, 3470 (1929). 
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basis of the "three carbon sy~tem."~ If E represents any such element as 
C, 2-l or 0, the expression: H-E-E=E* E=E-Ef--H represents 
a general formulation of this type of rearrangement. Familiar cases of 
this type are keto-enol, nitroso to oxime, and the three-carbon system. 

With a triple bond in the chain rather than a double bond, similar mo- 
bility of hydrogen exists: H-E-EsE E=E=E-H. Because of its 
similarity to the keto-en01 isomerism, the name "keteno-ynol" is suggested 
for this type of change. Some well-known illustrative cases are HOCN 
and HNCO, CeHsCHAN and CaHsCH---C=NH, H2N-CN and HN= 
C==NH, ketene and hydroxyacetylene. Methylacetylene and allene also 
fit into this scheme: HZC-C=CH H&==C=CHp. Allene may be 
converted into its isomer by the action of sodium. The reverse reaction is 
the pyrolysis of methylacetylene. It is interesting to point out that all the 
"keteno" structures mentioned above are the forms into which the "ynol" 
isomers change at high temperatures. No doubt this is associated with 
the fact that the former represent more symmetrical structures. 

Experimental Part 

Apparatus.-The flow method was used. The gaseous hydrocarbon was stored in a 
gasometer of 57-liter capacity, in an 8-liter bottle, or in a closed steel cylinder under 
pressure. The gas was passed from its container through a wet test meter, thence 
through two drying towers, a flowmeter of the capillary type, a calcium chloride tube, 
and then it was conducted into the reaction tube. The tube was of pyrex glass 2.5 
em. in diameter and was heated over 76 cm. of its length by an electric tube furnace. 
The volume of the tube within the furnace limits, after deduction of the volume of the 
thermocouple sheath, was 290 cc. The furnace was supported in a vertical position so 
that any liquids formed in the reaction could be removed from the tube by gravity. 
The effluent gases were passed through a trap at  0' which was placed directly beneath 
the furnace. This trap served to collect the liquid products. 

The temperature of the furnace was measured and automatically controlled by a 
Leeds-Northrup potentiometer type recorder-controller. A chromel-alumel thermo- 
couple was used, and it was protected by a thin pyrex sheath which was placed directly 
within the reaction tube. 

The gases were analyzed in the manner previously outlined by Hurd and S p e n ~ e . ~  
Preparation of Allene and Methylacetylene.-Allene was prepared from dibromo- 

2,3-propene-1, as outlined by Hurd, Meinert and Spence.10 The gas was washed and 
stored in a gasometer over saturated sodium chloride solution. 

Methylacetylene, contaminated with about 5% of allene, was prepared from propy- 
lene bromide and hot alcoholic potassium hydroxide solution. This preparation, and 
also the preparation of pure methylacetylene from methyl iodide and sodium acetyhde, 
is given in detail in the same reference." The methylacetylene, after puriiication, was 
liquefied and stored in a small steel gas cylinder. 

For a discussion of recent work on this subject, see "Annual Reports on the 
Progress of Chemistry," 25, 119-130 (1929), 

9 Hurd and Spence, THIS JOURNAL, 51,3356-3357 (1929). 
* Hurd, Meinert and Spence, ibid.. 52,1143 (1930). 
11 Ref. 10, p. 1141. 
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Methylacetylene from Dimethyl Sulfate.-A one-liter, 3-necked flask was fitted 
with a mercury-sealed stirrer, an exit tube, and a wide-mouthed inlet tube which reached 
nearly to  the bottom of the flask. After replacing air in the flask with dry hydrogen, 
36 g. of sodium was inserted, the flask cooled to -60' with a bath of acetone and solid 
carbon dioxide, and then dry ammonia was condensed in the flask. The stirrer was 
started as  soon as a little ammonia had condensed. In  all, about 500 cc. of liquid 
ammonia was required. When the sodium had dissolved, the stream of ammonia was 
detached and a current of acetylene was passed into the well-stirred mixture. When 
all of the sodium-blue color had disappeared due to the formation of colorless sodium 
acetylide, the current of acetylene was stopped, and a dropping funnel was inserted 
t o  replace the stirrer. The top of the funnel was connected with a tube to  the reaction 
flask, the tube serving as a pressure equalizer. 

The exit tube was connected t o  a gas washing train consisting of a Wolff bottle 
with water, another with 10% sulfuric acid, and a calcium chloride drying tower. 
Bunsen valves were inserted between the two wash bottles and between the reaction 
flask and the first wash bottle. From the drying tower a connection led to  a spiral glass 
condenser with receiver attached, which was immersed in a Dewar flask and maintained 
a t  - 78'. The methylacetylene condensed therein. 

Two hundred grams of dimethyl sulfate was added very slowly into the reaction 
flask from the dropping funnel, keeping the Bask a t  -60°. As each drop fell there was 
a rush of gas from the exit tube. This necessitated careful control during the addition 
of the reagent. Most of the methylacetylene had passed over into the condenser by the 
time the last of the dimethyl sulfate was added. Then the reaction flask was allowed to 
warm up t o  drive over the remainder of the product. The methylacetylene was dis- 
tilled from a large test-tube, using the Davis spiral, vacuum-jacketed column. The 
yield and the ease of manipulation were about the same with dimethyl sulfate as with 
methyl iodide. The relative cheapness of the former, however, is greatly in its favor. 

The boiling point of the methylacetylene was found12 to be -23". Since this 
differs from the literature value of -27.5", the accurate vapor pressure of methyl- 
acetylene has been studied in considerable detail by Professor G. B. Heisig of the Uni- 
versity of Minnesota. This will be published separately. 

Products Obtained from the Pyrolysis of A1lene.-The data for the 
pyrolysis of allene are given in Table I. 

T h e ~ e  data show clearly that when allene was pyrolyzed, most of it was 
converted into liquids. As would be expected, the conversion was more 

Run number 
Temperature, OC. 
Contact time, seconds 
Entering flow, cc./min. 
Exit flow, cc./min. 
Pressure in tube, mm. 
Vol. entering gas, liters 
Vol. exit gas, liters 
Allene in entering gas, % 

l2 For assistance in the purification of the methylacetylene we are indebted to Mr. 
Forrest Pilgrim. 
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TABLE I (Concluded) 
Composition of exit gas, percentage by volume 

Acetylenes 2.5 0.9 
Allene 79.7 89.8 
Ethylene 2 .3  . . . .  
Hydrogen 1.4 . . . .  
Paraffins, CnHzn +z 4.9 . . . .  
n equivalent to 1.82 . . . .  

CO and COs 1.1 . . .  
Nitrogen 7.2 . . .  

Extent of pyrolysis, yo 66.2 13.8 

Gaseous products formed per liter of allene entering, cc. 

Acetylenes 11.9 . . . .  . . . .  0 18.5 
Ethylene 11.9 . . . .  . . . .  65 15.3 
Hydrogen 5.9 . . . .  . . .  130 21.8 
Paraffins 20.2 . . . .  . . . .  146 50.9 

Gaseous products formed per liter of allene pyrolyzed, cc. 

Acetylenes 18 . . . .  . . . .  0 23 
Ethylene 18 . . . .  .... 78 19 
Hydrogen 9 . . . .  . . . .  156 27 
Paraffins 32 .... . . . .  175 63 

Liquid products, wt. in g. . . . .  0.24 1.29 1.41 15.8 
Percentage yield of liquids, on basis 

of allene pyrolyzed . . . .  32 75 43 90 

nearly complete when the gas was heated for a longer time and when the 
temperature was between 500 and 600'. A comparison of Runs 2, 3, 1 and 
4, all of which had similar contact times, shows the increasing percentage of 
decomposition of allene with the increase in temperature. A comparison 
of Runs 1 and 4 shows that a t  600' about five times the volume of gases 
was formed as was noticed a t  500°, while the percentage of liquids was 
considerably less. It should be stated that the deposit of carbon and vis- 
cous tarry matter in the tube was quite considerable a t  600° and almost 
negligible a t  500". Comparison of Runs 1 and 5 shows that if the allene 
was heated for a longer time, the amount of gaseous products increased. 
This suggests that a large part of the gases is formed by the decomposition 
of the allene polymers if the reaction is carried out at  600°, or for too long a 
time at  500'. 

The Liquid Products from Al1ene.-The 15.8 g. of liquids formed in 
Run 5 was fractionally distilled, taking care to obtain cuts as nearly pure 
as possible. The refractive index of each fraction was determined. In  
Table I1 the physical properties of these liquids are compared with similar 
data as given by Lebede~ .~  The properties in question are boiling point, 
odor, refractive index and general appearance. 

A comparison of Fraction I with Lebedev's dimer and Fractions I1 and 
I11 with his a-tetramer shows that they possess similar properties. Lebe- 
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TABLE I1 

PROPERTIES OP ALLENE POLYMERS 

Fractions from allene at 500' Lebedev's polymers 

I B. p. 63-66'; ny 1.4358 Dimer, b. p. 63-65'; n y  1.42317 
Sharp, irritating odor; 1.2 g. Sharp odor 

11 B. p. 35-50" (10 mm.); n z  1.5002 Trimer, b. p. 135"; n 2  1.49064 
Turpentine odor; 2.9 g. 

I11 B. p. 71-80' (10 mm.); n? 1.5142 or-Tetramer, b. p. 72-74' (9 mm.) 
Turpentine odor; 0.8 g. Turpentine odor; n y  1.50501 

IV B. p. 80-105' (10 mm.); n: 1.5617 8-Tetramer, b. p. 101 (10 mrn.) 
Kerosene odor; 1.2 g. Kerosene odor; n 2  1.52624 

V B.p.105-155°(8mm.);1.3g.;n2~1.596 
VI B. p. 160-190 " (10 mm.) ; 1.5 g. ; n? 1.63; very viscous; odor of burnt rubber 

dev stated that only the dimer and the a-tetramer were stable a t  elevated 
temperatures. Therefore, in our polymerization a t  500°, one would not 
expect to find much of the other polymers as they tend to form tarry mate- 
rial. The first four fractions all gave a test for unsaturation with bromine. 

Pyrolysis of Methylacetylene.-The data for the pyrolysis of methyl- 
acetylene which contained 5% of allene as impurity are given in Table 111. 

TABLE I11 

PXODUCTS OF THE PYROLYSIS O F  METWLACET~ENE 

Run number 1 3 5 2 
Temperature, "C. 500 500 550 575 
Contact time, seconds 100 42 76 48 
Entering flow, cc./min. 59 141 72.6 112 
Exit flow, cc./min. 45 128 44.2 63 
Pressure in tube, mm. 750 750 750 750 
Vol. entering gas, liters 4.84 3.97 13.05 6.73 
Volume exit gas, liters 3.69 3.60 7.92 3.77 

Composition of entering gas 

Methylacetylene. % 95.9 95.0 95.6 95.0 95.0 
Allene, % 4.1 5.0 4.4 5.0 5.0 

Composition of exit gases, percentage by volume 

Acetylenes 83.7 88.0 
Alleneo 4.4 4.6 
Ethylene 1.5 .... 
Hydrogen 0.2 .... 

. . . .  Paragns, C,Hzr. +Z .... 
n  equivalent to .... .... 

Extent of pyrolysis; % 27.4 10.6 

Gaseous products formed per liter of methylacetylene entering, cc. 

Allenea .... .... 124 107 109 
Ethylene .... . . . .  24.6 19 214 

.... Hydrogen .... 46.4 38 175 
.... ... Params  .... 79.1 255 
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TABLE 111 (Concluded) 
Gaseous products formed per liter of methylacetylene pyrolyzed, cc. 

. . . .  Allene" . . .  192 159 
. . . .  . . . .  Ethylene 37.1 28.5 

.... Hydrogen . . .  72.0 57.0 
Paraffins .... .... 123.0 . . . .  

Liquid products, wt. in g. 1.8 . . .  12.6 6.3 
Percentage yield of liquids, on 

basis of methylacetylene 
pyrolyzed 78.0 . . . .  58.8 88.0 61.0 

" "Allene" represents the gases dissolved in 82.5% sulfuric acid; it may contain 
propylene, but later work has shown that allene is the chief if not the exclusive product. 

In Runs 1 and 3 the gaseous products formed were of such a small volume 
that a complete analysis was not made. In making the calculations i t  was 
assumed that the small amount of allene present in the entering gas was 
polymerized for the most part, inasmuch as the work on allene showed this 
to be the case at temperatures above 500°. In addition to the gaseous and 
liquid products, there was a considerable amount of carbon and some very 
viscid tarry material which was deposited on the walls of the reaction tube. 
At the higher temperatures, this deposit became so great as to nearly clog 
the exit of the reaction tube. 

Liquid Products from Methylacetylene.-The comparatively small 
volume of liquids which were obtained from methylacetylene made i t  
impossible to carry the fractionation as far as was done in the case of the 
allene polymers. However, they were fractionated and the boiling points 
and refractive indices taken. These data are listed in Table IV. 

TABLE IV 
PROPERTIES OF THE LIQUID PRODUCTS FROM METWLACETYLENE 

Run number 2 5 
Temperature 575 " 550 O 

Contact time 48 sec. 76.3 sec. 

Fraction BO(!:' nz Odor B. p., O C .  n: Odor 

I 60-90 1.4780 Sharp 30-70 1.4602 Sharp 
I1 90-150 1.4990 Turpentine 35-60 (10 mm.) 1.4995 Turpentine 
111 150-215 1.5320 . . . . . .  60-85 (10 rum.) 1.537 Burnt rubber 

The properties of the lower-boiling fractions greatly resembled the 
properties of the low-boiling allene polymers. The liquid fractions were 
distinctly not aromatic in type. They all decolorized bromine in carbon 
tetrachloride. Nor did they form any nitro derivatives when they were 
treated with a nitrating mixture of nitric and sulfuric acids. There was no 
evidence of any pure compound in quantity since the boiling point as- 
cended steadily during the distillation. An examination of the boiling 
point and refractive index data shows that they lie outside of the range 
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of the aromatic compounds. Considering the evident impurity of the 
methylacetylene liquid fractions, it is apparent that they lie within the 
range of the corresponding data from allene liquid fractions (compare 
Tables I1 and IV). This, together with the very strong resemblance which 
they have to the allene liquids in odor and general appearance, indicates 
that these liquids also consisted mostly of polymers of the same nature as 
those obtained from allene. The presence of considerable amounts of allene 
in the off gas shows that these liquids were probably formed from allene, 
which in turn was formed by an isomerization of the methylacetylene. 

The Pyrolysis of Pure Methylacetylene.-Table V gives the data for 
this experiment, and includes the analysis of the entering gas and the 
exit gases. 

TABLE V 
PYROLYSIS OF PURE METHYLACETYLENE 

Temperature, OC. 555" Exit volume, cc. 3380 
Contact time, seconds 74.5 Pressure in tube 740 mm. 
Entrance flow 95.7 cc./min. Extent of pyrolysis 
Entrance volume, cc. 6320 Liquids formed 3 g .  

71% 

Gas analysis, (r, by volume 
Entrance gas Exit gas 

Carbon dioxide 0.0 0 .6  
Methylacetylene 95.7 46.1 
Gas absorbed by 62.5% 0 .0  1.5 
Gas absorbed by 82.4% H~zS04 . O  24.3 
Ethylene .0 2 . 2  
Hydrogen .O  2 .2  
Carbon monoxide .O 1.0 
Oxygen .6 1 .5  
Paraffins, C,H2, +2 .O  9.7 

n equivalent to . . 1.67 
Nitrogen 3 4 10.9 

Since 82.4% sulfuric acid dissolves both allene and propylene, it was de- 
cided to remove the acetylenes from the gas and to convert the remaining un- 
saturated hydrocarbons into their bromide derivatives. Differentiation be- 
tween olefin dibromides and diene tetrabromides would then be fairly simple. 

The off gas from the run (Table V) was passed from its storage bottle into 
a bottle filled with potassium iodomercurate solution in order to remove all 
of the unchanged methylacetylene. The bottle was shaken from time to 
time and finally allowed to stand overnight. The volume became con- 
stant, indicating complete removal of all acetylenes. The original volume 
of gas was 3300 cc., and the volume after removal of acetylenes was 1700 cc. 
The volume of acetylenes in the original gas, based on the gas analysis was 
1518 CC., SO it  was certain that all acetylenes were taken out. The residual 
gas was then dried and passed into a solution of bromine'in carbon tetra- 
chloride. The unbrominated gas was collected and passed again through 
the bromine solution, and the apparatus was flushed sut with a liter of air. 
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The bromides in the brominating bottle were then worked up. Their 
volume was 2 cc.; refractive index 1.533; initial boiling point, 140'. The 
liquid did not solidify at -75'. This 2 cc. of bromides was separated into 
two very small fractions by distillation at 9 mm. The boiling points could 
not be determined accurately due to the small amount of material dis- 
tilled, but that of the first fraction was between 60 and 90'. I ts refractive 
index was 1.523 and it did not solidify at -75'. The higher-boiling frac- 
tion which remained in the distilling flask had a refractive index of 1.582. 
It solidified at - 20' in an ice-salt mixture. I t  began to melt a t  - 5O and 
melted over a considerable range, indicating that it was not pure. This 
fraction of the bromides had an odor like that of allene tetrabromide and i t  
had the powerful lachrymatory properties which are characteristic of 
allene tetrabromide. 

The results provide satisfactory evidence that the portion of unsaturated 
hydrocarbons which were removed in the 82.4% sulfuric acid d d n g  the 
gas analysis consisted of allene. The bromides were evidently a mixture of 
allene dibromide and allene tetrabromide. Previous experience in bromi- 
nating allene has shown that there is always some allene dibromide formed 
which is difficult to convert to the tetrabromide. The fact that highly 
purified alene tetrabromide solidifies in a salt-ice mixtureL3 and melts a t  
10.7', while the impure bromide obtained in this experiment also solidified 
and melted in the range of - 5 to 0°, is a satisfactory proof of the identity 
of the latter. That the refractive index, 1.582, is lower than that of pure 
allene tetrabromide, 1.6206, is not surprising in view of the evident im- 
purity of the former. Some of the dibromide undoubtedly remained in 
the tetrabromide residue. To obtain allene tetrabromide of high purity, 
it has been shown13 that fairly large quantities, enabling several crystalliza- 
tions, are essential. 

Summary 

In the pyrolysis of allene, it has been shown that the predominant re- 
action is a polymerization to form a dimer, a tetramer and higher polymers. 
There is no evidence of the formation of aromatic hydrocarbons. 

The pyrolysis of methylacetylene has also been investigated. Evidence 
is offered to show that it first isomerizes to allene, which then polymerizes 
in its customary manner. The relationship of methylacetylene to the 
"three-carbon system" has been developed, and the classification of allene 
and methylacetylene as of the keteno-ynol type has been suggested. 

A method for the preparation of methylacetylene from dimethyl sulfate 
and sodium acetylide has been given. 

EVANSTON, ILLINOIS 

13 Hurd, Meinert and Spence, THIS JOURNAL, 52, 1145 (1930). 



JOHN A. McRAE Vol. 52 

(CONTRIBUTION FROM THE CHEMICAL LABORATORIES OF QUEEN'S UNIVERSITY] 

THE PREPARATION OF 1-NAPHTHOIC NITRILE FROM 
1-NAPHTHYLAMINE 

BY JOHN A. MCRAE 
RECEIVED AUGUST 22, 1930 PUBLISHED NOVEMBER 5, 1930 

In summing up their results on the preparation of 1-naphthoic nitrile by 
various methods, Whitmore and Fox1 stated recently that "treatment of 
1-naphthylamine by the Sandmeyer reaction gave none of the nitrile." 
This statement is surprising in itself and is contrary to previous authors to 
whose work Whitmore and Fox make no reference. Thus, Bamberger and 
Philp2 reported that the Sandmeyer reaction is a good method for the 
preparation of 1-naphthoic nitrile and Richtera commented favorably on 
the same method. Clarke and Read,4 using their modification of the usual 
Sandmeyer process, obtained a yield of 55% of 1-naphthoic nitrile. It was 
thought'of interest to test the validity of Whitmore and Fox's results and 
accordingly a study of the preparation of 1-naphthoic nitrile has been 
carried out, principally as a student's exercise, in the course of which various 
methods used in well-known laboratory textbooks (Gattermann, Cohen, 
Henle, Fisher) for preparing p-toluic nitrile from ptoluidine have been 
employed as a basis, as well as the important improvements described 
by Clarke and Read and the interesting process of Korczynski6 in which 
potassium nickel cyanide is substituted for potassium cuprocyanide but 
which had not been applied hitherto to diazotized 1-naphthylamine. 

In  agreement with earlier work no difficulty has been encountered in 
obtaining 1-naphthoic nitrile from 1-naphthylamine by the Sandmeyer re- 
action, the yields varying from 25 to 35%. We were unable to increase the 
yield beyond 35% but on the other hand we did not discover conditions 
under which no naphthoic nitrile was produced. The Korczynski method 
did not give sensibly greater yields than the ordinary Sandmeyer process 
but by adding the acid diazo solution to potassium nickel cyanide contain- 
ing sufficient alkali to neutralize the free acid of the diazo solution, the 
nitrile has been produced repeatedly in yields of 58 to 65%. 

My thanks are due to Messrs. F. S. Wilder and J. W. McCutcheon for 
their assistance in carrying out most of the experimental work. 

Experimental 
Preparation of 1-Naphthoic Nitrile from 1-Naphthylamine 

(a) Using Potassium Nickel Cyanide.-1-Naphthylamine was diazotized by dis- 
Whitmore and Fox, THIS JOURNAL, 51,3363 (1929). 

Wamberger and Philp, Ber., 20, 241 (1887). 
a Richter, ibid., 22,2449 (1889). 
4 Clarke and Read, THIS JOURNAL, 46, 1001 (1924). 
6 Korczynski, Mrozinski and Vielau, Compt. rend., 171, 182 (1920); Korczynski 

and Fandrich, ibid., 183,421 (1926). 
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solving the amine (28.6 g. = '1/5 mole) in 600 cc. of hot water and 20 cc. of concentrated 
hydrochloric acid. With vigorous mechanical stirring the solution was cooled to  Oa 
and maintained a t  that temperature during the addition first of 50 cc. of concentrated 
hydrochloric acid and then of a solution of 14.4 g, of sodium nitrite in 60 cc. of water. 
Any slight excess of nitrous acid was destroyed by the addition of urea. 

The cyanide solution was made by adding a solution of 72.7 g, of a good grade of 
nickel nitrate in 100 cc. of water to a solution (250 cc.) containing 81.4 g .  of potassium 
cyanide and 20 g. of sodium hydroxide. The cyanide solution, contained in a 5-liter 
flask, was mixed with 150 cc. of benzene and some crushed ice and vigorously stirred 
while the diazo solution was added during the course of one-half hour. The stirring 
was continued for another half hour while the temperature was maintained throughout 
a t  0-5" and for a further two hours while the mixture was allowed to come to room 
temperature. I t  was then heated to 50°, cooled and the aqueous layer removed. The 
residual benzene solution was steam distilled until 5 liters was collected. The benzene 
which came off was used to collect the nitrile from the distillate. The benzene extract 
was washed with caustic soda, dried and after removal of the benzene the residue was 
fractionated under reduced pressure. Redistillation of the first fraction obtained boiling 
a t  120-200° (20 mm.) gave 17.8 g. of 1-naphthoic nitrile, b. p. 165-170° (20 mrn.), which 
quickly solidified. 

The purity of the nitrile was confirmed by hydrolysis to 1-naphthoic acid, the yield 
being almost quantitative. No difficulty was experienced in obtaining pure 1-naphthoic 
acid of m. p. 161" by distillation of the crude acid under reduced pressure, b. p. 229- 
231 (50 mm.), and recrystallization of the distilled acid from toluene. This obviated 
the more lengthy purification of the acid by conversion into the ethyl ester followed by 
purification and hydrolysis of the ester which Whitmore and Fox found necessary. 

(b) Using Potassium Cuprocyanide.-1-Naphthylamine was diazotir-d as de- 
scribed above in preference to diazotization in more concentrated solution corresponding 
with the laboratory directions given for p-toluidine by Fishe~ and with that  and the fur- 
ther exception that after steam distillation the nitrile was isolated as described above, the 
diazotized amine was converted into the nitrile according to Fisher's directions for 
p-toluic nitrile. Eight experiments using each time 28.6 g of amine gave an average 
yield of 27%. Steam distillation under reduced pressure of the crude product recom- 
mended by Clarke and Read4 did not increase the yield appreciably. The addition of 
sodium carbonate to the diazotized naphthylamine seemed to result always in con- 
siderable decomposition and to avoid this the acidic diazo solution in several experi- 
ments was poured into potassium cuprocyanide solution containing alkali sufficient to 
neutralize the free acid of the diazo solution as used above with potassium nickel cyanide 
and as described by Henle' for p-toluic nitrile but without more favorable results. In- 
creasing the ratio of potassium cyanide to correspond with K3Cu(CN)4 gave no better 
results. To avoid the lengthy steam distillation, extraction of the reaction mixture 
with ether-benzene was tried but the separation of the extracting liquid is poor and 
tedious. However, a yield of 26% of the nitrile was obtained from the extract. Addi- 
tion of the acidic diazo solution to cuprocyanide solution made from potassium cyanide 
and copper sulfate as described in many laboratory manuals gave similar results. 

1-Naphthoic acid may be obtained directly from the crude reaction mixture. The 
tar which separates in the absence of benzene or after the benzene is removed hardens 
on cooling and may be collected easily. The tarry residue from treatment of 28.6 g. 
of 1-naphthylamine was heated for seven hours under a reflux with 100 cc. each of sulfuric 

6 Fisher, "Laboratory Manual of Organic Chemistry," 2d ed., p. 187. 
' Henfe, "Anleitung fur das organisch-chemische Praktikum," Zweite Auflage. 

p. 120. 
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acid, acetic acid and water-the hydrolyzing mixture used by Whitmore and Fox. The 
mixture was poured into water and from the solid which separated the 1-naphthoic acid 
was extracted with dilute ammonia. After precipitation from its arnmoniacal solution, 
the crude naphthoic acid was purified as described above. The yields obtained were 
from 20-25% of the calculated. 

Summary 

1. Contrary to a recent statement, 1-naphthoic nitrile is produced 
readily from 1-naphthylamine by the Sandmeyer reaction. 

2.  Very good yields of this nitrile can be obtained by a slight modifica- 
tion of the Korczynski method. 

KINGSTON, CANADA 

THE CHEMICAL BEHAVIOR OF SOME BENZENOID 
HYDROCARBONS IN THE TESLA DISCHARGE 

Several years ago, during the course of a study of the Tesla luminescence 
spectra of benzene and some of its simple derivatives, some very interesting 
facts came to light in connection with the decomposition and behavior of 
these substances under the action of the Tesla discharge. Aside from the 
recent note of Harkins3 and Gans on the decomposition of benzene, there 
appears to be no reliable literature on the subject of the chemical behavior 
of organic vapors in the electrical discharge; hence it has been thought 
worth while to record our experiences. It should perhaps be mentioned 
here that in our preliminary work several methods of excitation were tried. 
The results with the electrodeless discharge, later discarded because it 
failed to produce the desired spectra, have already been published4 and are 
in agreement with the findings of Harkins and Gans. 

The method finally selected was the Tesla discharge and is described in 
our previous paper.6 However, it soon became evident that even with this 
discharge chemical changes were occurring in the vapors. This was indi- 
cated primarily by the formation on the discharge tube of shellac-like 
coatings similar to those formed in the electrodeless discharge, although no 
trace of the hydrogen lines, Swan bands, or ionized carbon lines appeared 
in the spectra obtained by this method. Moreover, further investigation 

From a dissertation presented by J. B. Austin to the Graduate School of Yale 
University, June, 1928, in candidacy for the degree of Doctor of Philosophy. 

Commonwealth Fellow 1926-1928. 
Harkins and Gans, THIS JOURNAL, 52, 2578 (1930). 
Austin, ibid., 52, 3026 (1930). 
Austin and Black, Phys. Rev., 35, 452 (1930). 
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revealed that crystalline solids were being condensed along with the UR- 

changed vapor in the liquid-air trap. In some cases these crystallized by 
themselves in rings high up on the walls of the trap, in others they were 
found dissolved in the condensed liquid; in every case, however, the 
quantity obtained was very small. 

For general convenience in description these products will be divided into 
two classes, those remaining in the discharge tube and those condensed by 
the liquid air. 

Products Remaining in the Discharge Tube.-With every material 
investigated save one, cyclohexane, the walls of the discharge tube became 
coated with a thin film of a shellac-like substance ranging in color from a 
deep reddish-brown and black to buff. These coatings, which seemed t o  
adhere to the walls when fresh, showed a tendency to crack and peel off on 
standing. 

The conditions which appeared to produce the largest yields of these 
materials were slightly elevated temperatures (40-50°), comparatively high 
pressures (0.1 mm. to 1 mm.) and large electrode surface. Since the tube 
tended to heat up while in operation, no external heating appliances were 
employed. In order to take ad- 
vantage of the other factors, a 
new tube was designed increas- 

r\ 
A--- --------------- 

ing the electrode surface (Fig. 1). 
This tube was essentially a glass 
Dewar flask with the inner space ---------------- .- - - - - - - - - - - - - - - - - - . between the walls, ordinarily 

L C A O  FO,L E L E ~ T R ~ ~ E  

the vacuum space, serving as the 
reaction chamber. Two exter- 
nal electrodes were used, one 

Fig. 1.-Apparatus for production of decompo- 
formed by silvering the external sition products. 
surface of the inner wall and the 
other by wrapping lead foil around the outside wall. Unfortunately this 
design made it necessary to cut off the tube in order to remove the coatings 
on the inner wall, but with this tube greatly increased yields were obtained 
so that enough material for study was easily made. 

An attempt to  determine the properties of these materials showed them 
to  be extraordinarily inert. They have no melting point but burn slowly 
with a luminous flame when heated to a sufficiently high temperature. 
They are insoluble in alcohol, acetone, ether, water, benzene, toluene, 
xylene, turpentine and ordinary acids and alkalies. Their densities as 
estimated by floating them in a series of alcohol-water mixtures are as 
follows: benzene product 0.94; toluene product 0.95; p-xylene 0.97. 
They appeared to have all the characteristics of highly polymerized 
or condensed aromatic molecules and seemed to have a number of proper- 
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ties in common with the products obtained by bombarding acetylene with 
high-speed cathode rays.g 

Unlike the similar compounds described by Harkins and Gans they do 
not have the composition (CH), but appear to  contain some oxygen. 
The C and H analyses of several of them as determined by Professor J. B. 
Niederl are given in Table I. 

TABLE I 
ANALYSES 

C, % H, % 
Benzene.product 73.38 4.77 
Toluene product 79.16 5.90 
9-Xylene product 77.14 6.52 

These are average values for five determinations, the greatest deviation 
from the mean being 0.30%. 

It will be seen that there remains to be accounted for from 15 to  20% 
of the weight of these compounds. Qualitative tests for nitrogen made 
with a method which under ordinary conditions detects nitrogen in a 
sample containing 0.1%. NH4C1 gave completely negative results; 
hence i t  has been assumed that the remaining portion is oxygen, which is 
the only other element likely to be present under the circumstances. 

The difference between our powders and those of Harkins and Gans is, 
however, easily accounted for since they took great precautions to dry their 
vapors and in our work a t  least a trace of water vapor was undoubtedly 
present. Indeed on making a careful study of our plates we find a faint 
band a t  about X3064, which is the position of the strongest of the so-called 
"water vapor" bands. Furthermore, Urey and Lavin7 have shown that an 
activated oxygen carrier, probably the OH molecule, will cause the forma- 
tion of acetaldehyde in ethane under the action of an electrical discharge. 

It would seem probable, therefore, that under our conditions the hydro- 
carbon is caused to react with the free OH radicals or ions in the vapor. 
The simplest empirical formula corresponding to  the analysis of the powder 
from benzene is (CeH,02),. This formula must be regarded as an ap- 
proximation to a type of compound which occurs in various polymerized 
forms since the product obtained is probably a complex of many related 
substances. 

It will be shown in the section on crystalline products that diphenyl is 
formed from benzene vapor by the discharge. There is no reason to sup- 
pose that this coupling action ceases when two rings have been joined so 
that  we should expect to find compounds composed of a great number of 
benzene rings coupled in various ways. If in addition we consider the 
presence of the water vapor ions, i t  is not difficult to imagine the formation 

McLennan, Perrin and Ireton, Proc. Roy. Sac. (London), 125A, 246 (1929). 
Urey and Lavin, THIS JOURNAL, 51, 3290 (1929). 
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of phenolic compounds which would possess an even greater tendency to 
condense because of their phenolic character. This change is analogous to 
that observed in ethane by Urey and Lavin except that phenols are formed 
instead of aldehydes; this is not surprising since aldehyde formation in this 
case would involve the rupture of the ring. 

Assuming that this coupling and phenol formation does take place, we 
are led to the possibility of some such compound as the following, whose 
formula would be (C9H702)2 (A). It should be em- 
phasized here that we are suggesting not that this HO 
is the actual formula of the powder but that it may 
represent a unit in a larger complex. 

A study of the toluene and xylene powders lends 
@do"" OH 

some support to these views. The analysis of the A 

product obtained from the former leads to the formula (C21HlgOe)z. This 
may be explained by assuming a large molecule built up of (B) units, 

which would have the same general character as the molecule 

-8 formulated for the benzene product. 
The analysis of the xylene derivative leads to the 

approximate empirical formula (ClsH190a),. This 
CHa may be accounted for if we regard the molecular CHa -&-a 

unit as (C) or CsHsO and if we consider the chain C 

long enough to make the effect of the extra hydrogen atoms in the terminal 
rings negligible. The observed oxygen content, which is slightly above 
the proposed theoretical value, may be explained as arising from the pres- 
ence of several phenol groups in some of the units. 

It must be admitted that the lack of solubility in alkalies is not in accord 
with the phenolic character postulated, unless we assume a behavior similar 
to that observed in the monohydric phenols, where increasing molecular 
weight is accompanied by decreasing solubility. All of these remarks must 
await the accumulation of more data before they may be regarded as more 
than mere speculations; it is hoped, however, that they will provide a 
basis for discussion and will suggest new fields of endeavor and i t  is for 
these purposes that they are offered. 

Crystalline Products 
The evidence in the case of these compounds is much more coaclusive 

than in the previous one. Since a general discussion is rather difficult until 
the data have been presented, the reactions of each vapor will be treated 
separately. 

(a) Benzene.-After the condensate from the liquid-air trap was evaporated, the 
residue was examined, and was found to be a resinous matrix in which some small clear 
crystals were embedded. The identification of these crystals presented a number of 
difficulties, chief among which was the fact that so little material was available. The 
crystals were finally separated from the matrix by extraction with alcohol followed by 
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partial evaporation of the resulting solution. They possessed the characteristic odor 
of diphenyl, their melting point was 69.5" in agreement with that of diphenyl and a 
mixture of these crystals with some diphenyl obtained from the Eastman Kodak Com- 
pany showed an identical melting point. Moreover, the general optical properties of 
the unknown agreed with those of the Eastman sample. Both crystallized as flat 
monoclinic plates; both were strongly birefringent. Because of these conditions it 
was not deemed feasible to make an accurate determination of the refractive indices. 
However, the agreement of the general optical character added to the other evidence 
was regarded as sufficient proof that the unknown crystals were indeed diphenyl. I t  is 
interesting to note that these products are exactly the same as those obtained by Ber- 
thelots in passing benzene vapor through a hot tube. No clue to the nature of the resi- 
nous material was obtained. 

(b) Toluene.-With toluene several crystalline products were recovered. The 
first of these, which was found in a ring a t  the top of the trap, melted a t  50.5'. which is 
in agreement with the melting point of dibenzyl. It was considered desirable to have 
some definite proof of the identity of this material, since it is in a sense the keystone of 
the series of compounds obtained with other substances. With the small amount of 
the unknown available, a determination of the optical properties seemed to be the most 
conclusive test. 

In  this case the refractive indices, which do not appear to have been previously re- 
corded, were determined approximately. Since dibenzyl is soluble in the usual refractive 
index oils, a series of potassium iodide-mercury iodide solutions in a 50% glycerol-water 
mixture was used. 

Dibenzyl crystallizes in monoclinic prisms which are strongly birefringent, making 
the exact determination of the indices rather difficult. The approximate values for the 
low and high indices are 1.53 and 1.74. The unknown crystals, in addition to having the 
crystalline form of dibenzyl, possessed approximately the correct indices. This was 
regarded as sufficient evidence to establish their identity. 

When the liquid in the bottom of the liquid-air trap had been tapped off it was 
placed in an ice box for keeping. During the cooling some well-defined crystals ap- 
peared which were filtered off and dried. These were found to have the melting point 
(17.0") of 2,2'-dimethyldiphenyl. No determination of the indices was made but in 
view of the formation of diphenyl from benzene it seems likely that the identification is 
correct. 

A small amount of sirupy liquid was obtained on evaporating the remaining con- 
densate from the trap. This liquid did not freeze a t  zero and had a high boiling point 
(above 200"). It was impossible to identify positively such a small amount of material 
but i t  is our belief that the liquid in question was a mixture of isomers of 2,2'-dimethyl- 
diphenyl, several of which are high-boiling liquids. 

(c) p-Xy1ene.-In this case a few crystals melting at 81" were found. This 
corresponds quite well with the melting point of di-p-tolylethane (82 O) ; this reaction 
is analogous to the formation of dibenzyl from toluene and receives some confirmation 
from the known occurrence of that reaction. Here again a bit of sirupy liquid was ob- 
tained which, while unidentified, is believed to be a mixture of high-boiling liquid isomers. 

(d) Nitrobenzene.-The accumulation of tar was so great that any attempt to 
separate crystals seemed futile. 

(el Ch1orobenzene.-The chlorobenzene vapor decomposed to a very considerable 
extent under the discharge. A strong chlorine odor was observed when the system was 
opened and a strong benzene spectrum was obtained. Moreover, a few crystals of 
diphenyl were identified in the liquid-air trap. 

Berthelot, Compt. vend., 62, 947 (1866). 
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(f) Cyc1ohexane.-No products were fouad. These reactions are summarized in 
Table 11. 

TABLE IT 
SUMMARY OF REACTIONS OBSERVED IN THE TESLA DISCHARGE 

2CsHe = CoHrCeH6 
2CHsCsH6 = CUHSCH~CH~C~H~ 
2CBsCsHs = CHsCaH4CeH4CH3 
~ C H ~ C ~ H ~ C H Z  = CH3CaHaCH2CH2CsH4CHa 
4&H6C1 = 2CeHs -k 2Clz -I- CaHsCeHs 

Discussion 
No discussion of these observations would be complete without a few 

speculations as to the mechanism of the reactions. Under the conditions of 
excitation several possibilities must be considered. Considering it axio- 
matic that reaction does not occur between normal unexcited molecules, 
we have a choice of the following: reaction between two ions, between an 
ion and a normal molecule, between two activated though un-ionized 
molecules, or between an activated and a normal molecule. Since products 
similar to our brown powders are produced by the electrodeless discharge 
and by the action of high-speed cathode rays, in which cases ionization 
seems to play a definite role, it would seem that we must look for reaction 
between ions in the present case. On the other hand, the conditions favoring 
increased yields, i. e., higher temperatures and pressure, lead one to suppose 
that collisions must also be a factor. It is probable therefore that  the proc- 
ess by which these substances are produced requires ionization of the vapor 
followed by a collision of the ions with other ions or normal molecules. 

The authors wish to express their appreciation to Dr. E. T. Wherry for 
help and advice in the matter of the optical properties of the dibenzyl, t o  
Dr. Elizabeth Gilman Roberts for help in the qualitative tests for nitrogen, 
to Professor J. B. Niederl for his analyses of the brown powders and t o  Mr. 
L. E. Faulhaber for help in preparing the manuscript. 

Summary 
The Tesla discharge in the vapors of benzene and its simple derivatives 

causes chemical action with the formation of two types of compounds; 
first, brown shellac-like compounds containing oxygen which are left in the 
discharge tube and appear to  be condensed molecules of a phenolic type; 
second, relatively simple molecules which condense in well-defined crystals. 
In  this latter class, diphenyl is produced from benzene and dibenzyl from 
toluene; isomers of these compounds are also formed. The low and high 
refractive indices of dibenzyl have been determined and are approximately 
1.53 and 1.74. 

STERLING CHEMISTRY LABORATORY 
YALE UNIVERSITY 

NEW HAVEN, CONNECTICUT 
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[CONTRIBUTION FROM TB& D E P A R T ~ N T  OF C ~ M I S T R Y  OF THE UNIVERSITY OF 
MARYLAND] 

THE DECOMPOSITION OF ETHYLENE GLYCOL IN THE 
PRESENCE OF CATALYSTS. I. VANADIUM PENTOXIDE AS 

CATALYST 

The generation of an ethylene oxide linkage by the direct addition of 
oxygen to a double bond would be a useful reaction. In particular, start- 
ing from ethylene, i t  would be easy to prepare ethylene glycol 

2CHs=CHz + 0 2  + 2Hz0 = 2CH20HCHtOH (1)  

Francis2 has calculated an expression for the free energy of formation of 
ethylene from its elements 

AF = 12,260 + 11.6T 

and Parks and co-workers3 have revised their earlier calculations of the 
free energy of formation of liquid ethylene glycol, giving as their reviqed 
value 

AFzs = -81,800 cal. 

From Francis' equation, for ethylene 
ARM = +15,717 cal. 

For liquid water4 

AF298 = -56,560 d. 

Consequently, for the reaction 
CHe=CI-L(g) 4- ' /202(g)  + HaO(1) = CHzOHCHzOH(1) 

AF2s = -40,957 ~ a l .  

There is, therefore, nothing thermodynamically unsound in an attempt 
t o  devise a method for carrying out this reaction. The use of pressure 
would certainly aid much in bringing about Reaction 1, and if a catalyst 
could be found which would render possible the production of ethylene 
oxide, the synthesis of glycol from ethylene, air and water should be pos- 
sible. 

Obviously the simplest method of testing a number of catalysts would be 
t o  examine their effect on the decomposition of ethylene glycol under vari- 
ous conditions. The present paper is concerned with the beginning of such 
a study. This method of attack permits operation at  ordinary pressure in 
simple apparatus, and is undoubtedly the most economical of time and 

From a thesis presented by T. B. Smith to the Graduate School of the University 
of Maryland in partial fulfilment of the requirements for the degree of Master of Science. 

Francis, Ind. Eng. Chem.. 20, 279 (1928). 
a Parks and co-workers, THIS JOURNAL, 51,1969 (1929). 

Lewis and Randall, "Thermodynamics and the Free Energy of Chemical Sub- 
stances," McGraw-Hill Book Co., Inc., New York, 1923, p. 607. 
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material. A gas analysis of the products of decsmposition enables the 
operator to follow very easily the course of the decomposition. 

Practically no work has been done on the influence of catalysts on ethy- 
lene glycol. Sabatier5 found that glycol passed over alumina a t  400' 
yielded chieffy acetaldehyde whieh polymerized partially to paraldehyde. 
Trillat6 passed glycol over a platinum spiral at  90' and noted that the 
spiral was raised to  kandescence, with decomposition of the glycol into 
formaldehyde, glycolic aldehyde and glyoxal. 

The extended use of vanadium pentoxide as an oxidation catalyst led 
the authors to choose it for use in their preliminary studies. There is no 
reported work on the influence of vanadium pentoxide on ethylene glycol. 

Preparation and Purification of Materia1s.-The catalyst used in these investiga- 
tions was prepared from ammonium vanadate. Fused vanadium pelitoxide was treated 
with hot concentrated (sp. gr. 1.42) nitric acid, about 150 cc. of acid for each 5 g. of 
vanadium pentoxide, and the solution filtered and evaporated nearly to dryness. The 
product separating from the solution during evaporation was filtered off, washed twice 
with cold distilled water to remove the greater part of the acid and dissolved in con- 
centrated aqueous ammonia (sp. gr. 0.90). The resulting solution was again filtered 
and nearly saturated with ammonium nitrate which had been recrystallized from 
water. The solution was then allowed to stand for a period of twelve hours to allow 
crystallization of the ammonium metavanadate to take place. This material was 
dissolved in dilute aqueous ammonia and again caused to crystallize as above. The 
ammonium metavanadate so prepared was filtered from the solution, washed once with 
cold water and dried over calcium chloride in a vacuum. 

The catalyst used in the decomposition studies was obtained by heating in a stream 
of oxygen 0.5 g, of ammonium vanadate contained in a small porcelain boat. The 
temperature of the furnace in which the boat was heated was raised slowly to 350°, 
and maintained there until no trace of ammonia could be detected issuing from the 
furnace. MatignonT has shown that vanadium pentoxide is produced from ammonium 
metavanadate only in this way. If the metavanadate is not heated under oxidizing 
conditions, a substance of the composition 5VtOr.2VOaNHd results. Some preliminary 
experiments described below were conducted with this substance as the contact material. 

The ethylene glycol used was obtained by carefully distilling commercial ethylene 
glycol, called Prestone, and collecting the fraction boiling a t  197 ". 

Apparatus 
The apparatus used is shown in Fig. 1: G, a pyrex tube, containing the ethylene 

glycol, was heated by means of the oil-bath H, whose temperature was maintained a t  
205" by a Bunsen burner protected from drafts by an asbestos shield. Glycol was in- 
troduced by means of a capillary into G through I, which was then closed by a piece of 
glass rod and a short piece of tightly fitting rubber tubing. Connecting G with the 
furnace F was a small capillary orifice M, electrically heated to 200°. Glycol vapor 
generated in G under slight pressure, passed through this orifice a t  a constant rate into 
the furnace F. The latter consisted of a 16 X 250-mm. pyrex tube fitted snugly into 

6 Sabatier, "Catalysis in Organic Chemistry," translated by Reid, D. Van Nos- 
trand Co., New York, 1922, pp. 234. 240. 

Trillat, Bull. soc. dim. ,  [3] 29, 35 (1903). 
Matignon, Chem.-Ztg.. 75, 986 (1905). 
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another of 20 mm., the larger tube wound with chrome1 ribbon for electrically heating 
the reaction chamber. A 35-mm. tube wrapped with asbestos sheet enclosed the re- 
action chamber. By means of a lamp-bank the temperature in the furnace could be 
regulated at will. The thermometer projected into the reaction chamber to within 
a few mm. of the porcelain boat containing the catalyst. E, a coil condenser, which 
was cooled in an ice- and salt-bath during the experiments, was provided with a conden- 
sate trap and connected to the low head scrubber D. The scrubber had a volume of 
300 cc. and contained 4 N magnesium sulfate solution. The scrubber was connected 
by means of the ground-glass joint in the tube C to a gasometer B, which was provided 
with a tenth degree thermometer, a mercury manometer, A, an outlet tube and a 
connection to the analyzer. The volume of gas contained in B could be read off di- 
rectly by means of graduations marked on the gasometer. 

70 N~frogen 

To 
Ga 

Fig. 1.-A, Manometer; B, gasometer; C, movable tube; D, scrubber; E, condenser; 
F, reaction furnace; G, glycol vaporizing bulb; H, crisco bath; I, bulb inlet; J, nitro- 
gen purifier; K, aspirator; L, to 110-volt line. 

The catalyst was introduced or removed through the left end of the reaction fur- 
nace, after removing the thermometer with its accompanying stopper. The products of 
decomposition together with the undewmposed glycol passed into the condenser, 
where the glycol, water and the major portion of the acetaldehyde were removed. The 
remainder of the acetaldehyde was removed in the scrubber. By means of the stop- 
cock on the siphon from the gasometer, the pressure within the system from gasometer 
to capillary orifice could be maintained very near to atmospheric. 

At the conclusion of an experiment, the tube C was disconnected a t  the ground 
joint and attached to the magnesium sulfate reservoir K. This reservoir supplied mag- 
nesium sulfate solution to replace the gas withdrawn for analysis, thus making it possible 
to store the gas a t  approximately atmospheric pressure. A Fisher Universal Gas Ana- 
lyzer was used for the analytical work. 

The apparatus used in fractionating the condensate consisted of a modified Claisen 
flask with a fractionating side arm, provided with a thermometer and connected to a 
small coil condenser which was cooled in an ice and salt mixture. The end of the con- 
denser extended several centimeters below the surface of ice water contained in a 100- 
cc. Erlenmeyer flask. 

Method.-0.5000 g. of ammonium metavanadate (equivalent to 0.3889 g. of 
VzOb) was placed in a small porcelain boat in the reaction chamber and converted into 
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pentoxide as described above. Meanwhile, 0.1060 mole of glycol was run into the bulb 
G, and the reduced copper in the furnace J heated to 250'. The scrubber was filled 
with 4 N magnesium sulfate and the gasometer disconnected at the ground-glass joint. 
The system was then flushed out with nitrogen and connection again established with 
the gasometer. At this point gasometer and tube C were filled with the confining 
liquid and connected to the scruhber by means of the ground-glass joint. With the 
system thus prepared for collecting the reaction products, the temperature of the oil- 
bath H was raised to 205O and maintained there until the glycol had been vaporized 
completely from the container. Throughout the experiment the stopcock of the siphon 
tube of the gasometer was so adjust~d that a 10-mm. pressure was maintained within the 
system. Approximately two hours was required to vaporize the glycol, whereupon a 
stream of nitrogen was again blown through the apparatus to sweep out the remainder 
of the reaction products. When approximately 1200 cc. of nitrogen had passed through 
the apparatus, the stopcock in C was closed and the gasometer disconnected. The 
catalyst was allowed to cool in a stream of nitrogen before it was removed. 

Analytical Methods.-The gaseous decomposition products were analyzed in a 
Fisher Universal Gas Analyzer; carbon dioxide, oxygen, ethylene, carbon monoxide. 
hydrogen and methane were determined in the order mentioned. Successive analyses 
were run until the results checked to within 0.3%. Ethylene was determined by ab- 
sorption in 24y0 fuming sulfuric acid, but a check determination was run by absorbing 
the gas in bromine water to confirm the results obtained by the sulfuric acid method. 

In the aqueous condensate were found acetaldehyde, acetic acid and undecomposed 
g!ycol. The major portion of the acetaldehyde was slowly distilled from the mixture in 
the apparatus described above and collected in approximately 100 cc. of water contained 
in the receiver. This receiver was then replaced by another and the remaining alde- 
hyde, the acetic acid and water were distilled into it. The Claisen flask was then 
weighed and the glycol distilled i n  z acuo. The distillation flask was reweighed to deter- 
mine the weight of glycol distilled. 

The acetaldehyde in the first portion of the distillate was determined as  follow^:^ 
0.5 g. of hydroxylamine hydrochloride was added to a 250-cc. portion and the resulting 
solution allowed to stand for thirty minutes, whereupon the hydrochloric acid liberated 
was titrated with N / 4  alkali using tetrabrom phenol blue as indicat0r.O 

The second fraction was analyzed as follows. The acetic acid was titrated with 
N / 4  alkali, using phenolphthalein as indicator. In another portion the aldehyde was 
oxidized to acetic acid by alkaline hydrogen peroxide (3q/,), and the excess alkali was 
titrated with N / 4  hydrochloric acid using phenolphthalein as indicator.lO The differ- 
ence between the amounts of acetic acid found in the two operations enables one to cal- 
culate the amount of aldehyde present in the mixture. 

Any aldehyde contained in the scrubber was driven off and collected, using the same 
distillation apparatus as above. The amount of aldehyde in the distillate was deter- 
mined by the hydroxylamine method. 

Discussion of Results 

By means of a carbon balance, the percentage of glycol which was de- 
composed on passing over the catalyst was calculated. Curve I, Fig. 2,  
represents graphically the results of such a calculation. The error in- 

8 Allen's "Commercial Organic Analysis," pp. 124-140, Vol. I;  original method, 
Zeitschrqt fur U n t e r ~ u c h u n ~  der Nuhrungs- und GenussPnitteL, 42, 81 (1921). 

9 Harden and Drake, THIS JOURNAL, 51,2278 (1929). 
10 Hoepner, J. Soc. Chem. Ind., 38, 735 (1919). 
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volved in this method of computing percentage of glycol decomposed is 
far less than would be the case if the recovered glycol were taken as a 
basis for the computation. In the region between 297 and 357', the slope 
of the curve is large, but below and above these points the slope decreases. 
Evidently, from the slope of Curve I, there is little to be gained by operating 
a t  temperatures above 400'. With the apparatus described, operation a t  
temperatures above 400' was impossible, but the apparatus has been re- 
designed and we will be able in the near future to continue the curve in the 
region above 400'. 

Ternti., OC. 
Fig. 2.-Decomposition of glycol in mole per cent. as a function of 

temperature. 

The curves of Fig. 3 show the relation between the mole percentages of 
the various carbon-containing reaction products. It is very interesting and 
significant to note that up to a temperature of about 317', more ethylene 
than any other product was produced. At 297O, for example, 7.75% of 
the total glycol was converted into ethylene. Referring to Fig. 2, however, 
we see that a t  this temperature 13.4% only of the glycol passing over the 
catalyst was decomposed. Consequently 58% of the decomposed glycol 
was converted into ethylene. Curves I1 and I11 of Fig. 2 show the rela- 
tive percentages of ethylene and acetaldehyde formed, based on the glycol 
decomposed. It is more clearly evident from a consideration of these 
curves that nothing is to be gained by operation a t  a higher temperature. 
The curves for aldehyde and ethylene reach a maximum and a minimum, 
respectively, in the neighborhood of 357', although the percentage of 
glycol decomposed increases nearly 10% between 357 and 400'. 

During each experiment considerable reduction of the vanadium pen- 
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toxide took place, as shown by a color change from brick red t o  jet black. 
In  the experiments from which the data for the curves of Figs. 2 and 3 
were obtained, fresh catalyst was used a t  each temperature. That reduc- 
tion of the oxide caused a considerable variation in the nature of the de- 

250 280 310 330 370 400 
Temperature, O C .  

Fig. 3.-Percentage of total glycol used decomposed into acetal- 
dehyde, ethylene, carbon monoxide, carbon dioxide, methane and 
acetic acid. 

composition products was shown by using a specimen of catalyst a second 
time. These two experiments were conducted a t  a temperature of 360' 
in the usual fashion; the products formed are given in moles. 

Evidently ethylene formation was more favored by the presence of fresh 
vanadium pentoxide than by the used catalyst, but either contact mass 
produced acetaldehyde in about equivalent amounts. 
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Two mechanisms are suggested to account for the production of alde- 
hyde 

CHzOHCH20H --+ CHz=CHOH + Hz0 (2) 
CHz;CHOH - -  CHaCHO (3) 

and 
CHzOHCHzOH + CHz - CH2 f &O (4) 

\o/ 

Ipatievll has studied the behavior of oxides on heating both in the presence 
and absence of catalysts. Ethylene oxide passed through a glass tube was 
found to begin to decompose a t  500°. In the presence of aluminum oxide, 
however, rearrangement of the oxide into acetaldehyde took place readily 
between 200 and 300'. The work of Nefl* confirms in a general way that of 
Ipatiev. Nef observed a slow rearrangement of ethylene oxide into acet- 
aldehyde in glass tubes a t  400-420°. No evolution of gas took place in 
this temperature interval. The behavior of many substituted ethylene 
oxides on heating has been studied by Tiffeneau and LCvy13 and Levy and 
Sfiras.14 Many of the oxides investigated undergo a rearrangement like 
that of ethylene oxide into acetaldehyde. This rearrangement, therefore, 
is common to a-oxides, and it is possible, consequently, that ethylene oxide 
was the intermediate from which both acetaldehyde and ethylene were 
formed. The following reaction would account for the ethylene 

The acetic acid is undoubtedly formed by the oxidation of acetaldehyde, 
and i t  will be seen that the contour of the acetic acid curve follows roughly 
that  of the aldehyde curve, a condition to be expected if the acid is pro- 
duced from aldehyde by oxidation. 

For the production of carbon monoxide, two mechanisms are possible, 
and probably monoxide is formed through both. It is known that vana- 
dium pentoxide acts as a dehydrogenation catalyst16 and the reactions 

CH20HCHzOH + CHOCHO + 2Hz 
CHOCHO --+ 2CO + HZ 

readily account for the formation of carbon monoxide. It has also been 
l1 Ipatiev, Bev., 36, 2016 (1903). 
lZ Nef, Ann., 335, 201 (1904). 
lS Tiffeneau and Lkvy, Bull. soc. chim., 39, 763-82 (1926). 
l4 L6vy and Sfiras, Compt. rend., 184, 1335 (1927). 
16 Walker, British Patent 295,356 (1929); C. A. ,  23, 2186 (1929); Brown, U. S. 

Patent 1,757,830 (May 6, 1930); E. I. du Pont de Nemours and Co., British Patent 
323,713 (March 5, 1930). 
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shown16 that a t  elevated temperatures acetaldehyde readily decomposes 
according to the equation 

CHJCHO 60 3- CHI (9) 

This reaction accounts not only for the presence of carbon monoxide, but 
also predicts the simultaneous formation of methane in equivalent amount. 
Although the methane curve of Fig. 3 follows roughly in shape those for car- 
bon monoxide and acetaldehyde, the methane found was always consider- 
ably less than would correspond to the carbon monoxide It is probable 
therefore, that Reactions 8 and 9 were each responsible for some carbon mon- 

Time, hours. 
Fig. 4.-Decomposition of glycol in mole percentage plotted as a 
function of catalyst aging expressed in hours (temperature, 360 O )  . 

oxide, and that the methane is produced according to 9. A small amount 
of hydrogen was always found in the gases. Undoubtedly most of the hydro- 
gen formed was oxidized to water by the catalyst, but the presence of a small 
amount of it is evidence that Reactions 7 and 8 took place to some extent. 

The carbon dioxide and carbon monoxide curves have the same shape, 
the former below the latter. Oxidation of carbon monoxide is without 
doubt the mechanism by which the dioxide is formed. 

Figures 4 and 5 represent a series of preliminary experiments in which the 
compound described by Matignon7 was used as catalyst. It will be noted 
that the amounts of the various products formed become rapidly less as 

16 Peytral, Bull. soc. chim., 27, 34-39 (1929); Hinshelwood and Hutchinson, Proc. 
Roy. Sac. (London), 111A, 380 (1926). 
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the catalyst ages. How much of this effect is due to change in physical 
structure of the catalyst and how much to reduction i t  is impossible to 
say. With this contact mass even the acetaldehyde concentration de- 
creased rapidly as the catalyst aged, a situation not paralleled when vana- 
dium pentoxide was used. 
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Time, hours. 
Fig. 5.-Acetaldehyde, ethylene, carbon dioxide, carbon mon- 

oxide, and methane as mole percentage of glycol used plotted as 
a function of the catalyst aging expressed in hours (temperature, 
360"). 

If the two hour points on the curves of Figs. 4 and 5 are compared with 
the corresponding points on Figs. 2 and 3, there is seen to be little to choose 
between the two catalysts. 

Summary 
1. The decomposition of ethylene glycol in the presence of vanadium 

pentoxide has been studied. 
2. Acetaldehyde and ethylene are the principal products. 
3. Curves showing the relative amounts of the individual products 

formed are given. 
COLLEGE PARK, MARYLAND 
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[CONTRIBUTION PROM THE CHEMISTRY LABORATORY OR TRE: ~NIVERSITY OF MTCHIGAN] 

THE QUINONOID STRUCTURE OF SOME TRIPHENYLMETHYL 
SALTS 

BY LEIGH C. ANDERSON 

Previous papers from this Laboratory1 have shown that a very marked 
change occurs in the quantitative absorption spectra when colorless @- 
hydroxytriarylcarbinols possessing the benzenoid structure (I) are con- 
verted to the tautomeric colored quinonoid carbinols (11). This type of 
change is especially apparent when the benzenoid carbinols are converted 
to the corresponding fuchsones (111) of whose quinonoid structure no 

question has ever been raised. I t  has now been found that this same 
marked change occurs in the quantitative absorption spectra when a 
colorless dimethyl sulfate solution of triphenylchloromethane is converted 
to triphenylmethyl sulfate or perchlorate by silver sulfate or silver per- 
chlorate, respectively. The solution becomes yellow and a t  the same time 
the absorption of light by the solution changes in a manner similar to  that 
which has been shown to occur when the benzenoid carbinols are converted 
to the quinonoid fuchsones. We have found by means of absorption spec- 
tra that triphenylchloromethane possesses the same benzenoid structure in 
dimethyl sulfate solutions that it possesses in ether solutions and from the 
similarity in the curves obtained from these two sets of reactions-benze- 
noid carbinols to quinonoid fuchsones and benzenoid chloride (IV) to sulfate 
or perchlorate-we are led to conclude that the salts, the sulfate and the 
perchlorate, exist in a quinonoid state (V, VI) in dimethyl sulfate solutions. 

VI 

(a) Anderson and Gomberg, THIS JOURNAL, 50, 203 (1928); (b) Anderson, ibid., 
51, 1889 (1929). 
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This conclusion is in agreement with the chemical evidence presented by 
G~rnberg,~ who pointed out that the sulfates of the @halogenated tri- 
phenylcarbinols are quinonoid compounds. He showed that diphenyl- 
quinomethane (fuchsone) was one of the products obtained upon hy- 
drolysis of the sulfate of p-bromotriphenylcarbinol. 

Former investigators have been unable to study such changes in the 
spectra of these salts because no one solvent had been used in which all of 
these compounds could be dissolved without chemical change. Gomberg3 

used dimethyl sulfate as a solvent for the preparation and purification of 
some of these salts, e. g., the sulfates, and he pointed out that when the 
solvent had been carefully purified, it yielded colorless solutions of tri- 
phenylcarbinol and triphenplchloromethane. The quantitative absorption 
spectra of the colorless solutions of triphenylcarbinol and triphenylchloro- 
methane are almost identical with those curves obtained from the ether 
solutions of these  compound^.^ These data, together with Gomberg's 
work, show that pure dimethyl sulfate is without chemical effect upon 
these solutes. The use of dimethyl sulfate as a solvent makes it possible, 
therefore, for us to compare, in one solvent, the absorption spectra of the 
benzenoid and quinonoid salts of the triarylcarbinols. 

It has been found, also, that the quantitative absorption spectra between 
frequencies 4200-1350 mm.-' of solutions of the sulfate and perchlorate 
salts of triphenylcarbinol in pure sulfuric acid and pure perchloric acid, 
respectively, are almost identical with those obtained for each salt in its 
dimethyl sulfate solution; the difference between the two sets of curves 
lies only in the height of the quantitative curves. The similarity in the 
absorption bands constitutes evidence in favor of the hypothesis that these 
salts exist as quinonoid compounds in their solutions in these acids. 

In the light of these results it appears that the questions concerning the 
nature of the constitution of the various salts of triarylcarbinols, which 
have been discussed in articles recently published by D i l t h e ~ , ~  Brand,6 
Madelung,' Lund8 and others have been largely clarified and rather in 
favor of quinoidation. 

Experimental 
A drawing of the apparatus which was used to prepare solutions of the sulfate and 

perchlorate salts of triphenylcarbinol in dimethyl sulfate is shown in Fig. 1. Absorption 

(a) Gomberg, Ber., 40, 1853 (1907); (b) Gomberg and Blicke, THIS JOURNAL, 
45, 1770 (1923). 

Ref. 2 a, p. 1847. 
Anderson, THIS JOURNAL, 50, 208 (1928). 
Dilthey, 2. angew. Chem., 37,313 (1924). 

6 Brand, J .  prakt. Chem., 109, 17 (1925). 
7 Madelung, ibid., 111, 100 (1925). 
8 Lund, THIS JOURNAL, 49, 1346 (1927); see also Girbes, "Dissertation," Rijks 

University, Groningen, 1928. 
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fiasks were available which had a capacity in bulb H of either 50 or 100 cc. together with 
absorption cells K which were fitted with parallel quartz plates through which the light 
was passed to be absorbed and in which the distance between the inside faces of the 
quartz plates was 2.4, 5.0.7.5 or 10.0 mm. Pure silver sulfate or silver perchlorate was 
placed in the tube I, and a small sample of pure triphenylchloromethane, weighed directly 
into a micro-beaker L, was placed in the upper part of the absorption flask. In  order 
to seal the apparatus and yet not contaminate the solvent with the lubricant, stopcocks 
G,G and the ground-in stopper M had very small amounts of stopcock grease an the 
outside edges of the ground surfaces only. Dimethyl sulfate, previously distilled under 
reduced pressure, was placed in flask A and the whole apparatus was evacuated by means 
of a water aspirator. When the manometer N indicated a pressure of 12-15 mm. of 
mercury within the apparatus, the silver salt in I was heated to 120-P30° for fifteen to 
twenty minutes by means of a small electrically heated coil. After the silver salt had 
been dried and cooled the dimethyl sulfate was distilled through the fractionating column 
B and condenser C. Having collected 
the first fraction in F, the main por- fi 
tion was diverted by means of stop- 
cock D through a 30-cm. column of 
freshly ignited potassium carbonate 
which had been placed in tube E, 
and from there was led into the bulb 
H. When H and I had been filled, 
stopcock D was turned to allow the 
last portions of the dimethyl sulfate 
to collect in F. The volume of the 
solvent contained in H and I was 
ascertained from calibrated gradua- 
tions on the tube J immediately above 
the bulb H; a correction for the vol- 
ume occupied by the solid silver salt 
in I was always applied. Following 
this, air was slowly admitted through 
the calcium chloride tube 0 until the 
pressure inside the apparatus was Fig. 1. 
again equal to atmospheric. Stop- 
cocks G,G were closed and the absorption flask, after being disconnected from the dis- 
tillation set-up, was inverted to dissolve the triphenylchloromethane. The mixture was 
then shaken until the reaction was completed. 

Silver perchlorate reacts rapidly with triphenylchIoromethane in dimethyl sulfate 
and the solution acquires a brilliant yellow color. The silver chloride that  is formed in 
the reaction is very finely divided but when the solution is allowed to s-d, settles out 
readily. It possesses the property, however. in the dimethyl sulfate solutions, of ad- 
hering to the walls of the vessel and care was taken in the method of shaking to see that  
none of it was introduced into the quartz absorption cell K. 

In preparing the n-sulfate of triphenylcarbinol it was necessary to keep the solution 
a t  50-55O for a day or two before the reaction was completed and a mechanical shaking 
machine in an enclosed air-bath was employed. The delay in the completion of this 
reaction is believed to be due to the very slight solubility of silver sulfate as compared 
to silver perchlorate in dimethyl sulfate. The quantitative absorption spectrum of each 
solution was determined within a few minutes after making up the solution, and was 
redetermined a t  intervals thereafter until it was certain that the reaction was a t  an end. 
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From the fact that the absorption curves for the solutions prepared in the above manner 
approach a height only one-half that reached by the corresponding solutions in either 
sulfuric acid or dimethyl sulfate containing sulfuric acid leads to the inference that the 
solutes are different in the two cases. We therefore infer that in the former case, in the 
purified dimethyl sulfate, we were dealing with a solution of the n-sulfate. 

When the potassium carbonate was omitted in the purification of the 
dimethyl sulfate, colored solutions were instantly obtained with either 
triphenylchloromethane or triphenylcarbinol. From the similarity of the 

2000 2400 2800 3200 3600 4000 
Frequencies, mm.-1. 

Fig. 2.-1, Triphenylmethyl acid sulfate in 
dimethyl sulfate; 2, triphenylcarbinol in dimethyl 
sulfate; 3, triphenylchloromethane in dimethyl 
sulfate. 

absorption curve (Curve 1, Fig. 2) with that of the acid sulfate in sulfuric 
acid (Curve 1, Fig. 3) the inference was drawn that we were here dealing 
with solutions of the acid sulfate. These data corroborate the conclusion 
reached by Gomberg3 that the last traces of sulfuric acid cannot be re- 
moved frpm dimethyl sulfate by distillation. 

The quantitative absorption spectra of triphenylcarbinol and triphenyl- 
chloromethane in dimethyl sulfate were obtained from solutions made in a 
manner identical with that used for the preparation of the n-sulfate and 
perchlorate except that no silver salt was present. Solutions of the car- 
bin01 and the chloride in dimethyl sulfate have been kept for more than a 
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week without any development of color or of chaage in their absorption 
spectra. 

Solutions for the determination of the quantitative absorption spectra of 
triphenylmethyl sulfate and perchlorate in sulfuric acid (95%) and per- 
chloric acid (72%), respectively, were made by dissolving weighed amounts 
of either triphenyIcarbino1 or triphenylchloromethane in known volumes of 
the pure acid and taking the absorption spectra of successive dilutions. 
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Fig. 3 .71 ,  Triphenylmethyl acid sulfate in sul- 
furic acid (95%); 2, triphenylmethyl normal 
sulfate in dimethyl sulfate. 

Attempts were made to determine the absorption spectrum of triphenyl- 
methyl nitrate. The results thus far have not been quantitative. Silver 
nitrate is quite insoluble in dimethyl sulfate, and before all the triphenyl- 
chloromethane is converted to the nitrate, part of the nitrate already 
formed undergoes decomposition. The results that have been obtained, 
however, indicate that its quantitative absorption spectrum is very similar 
to that of the sulfate and perchlorate. 

The points of maximum absorption of each-the sulfates, perchlorate and 
nitrate of triphenylcarbinol-were determined by a method which has been 
previously describedlb and were found to be identical with each other 
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within experimental limitations. The averages of the determinations of 
these points of maximum absorption lie a t  frequencies 2305, 2467, 3432, 
3825 mm.-l. 

The writer wishes to acknowledge his deep indebtedness to Professor M. 
Gomberg for the suggestions and advice which have made this work pos- 
sible. 

2000 2400 2800 3200 3600 4000 
Frequencies, mm.-1. 

Fig. 4.~1, Triphenylmethyl perchlorate in per- 
chloric acid (72%); 2, triphenylmethyl perchlorate 
in dimethyl sulfate. 

Summary 

1. The quantitative absorption spectra of solutions of triphenylcarbi- 
nol, triphenylchloromethane, triphenylmethyl sulfate and triphenylmethyl 
perchlorate in dimethyl sulfate and of solutions of the acid sulfate and of 
the perchlorate in sulfuric acid and perchloric acid, respectively, have been 
ascertained. 

2. The data obtained from the absorption spectra of the above salts 
constitutes evidence in favor of the hypothesis that triphenylmethyl n- 
sulfate, acid sulfate and perchlorate exist in a quinonoid modification in 
their solutions in dimethyl sulfate, in sulfuric acid or perchloric acid, 
respectively. 

ANN ARBOR, MICHIGAN 
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TWE FORCED REACTIOR BETWEEN ANILS AND PARA- 
THIOCRESOL. 

THE REDUCING ACTION OF THE MERCAPTO GROUPING 
BY HENRY GILNAN AND J. B DICKEY 

RECEIVED SEPTEMBER 2, 1930 PUBLISHED NOVEMBER 5. 1930 

Introduction 
Recently, Gilman, Kirby and Kinneyl described an unusual type of 1,4- 

addition to a conjugated system that is part aliphatic and part aromatic. 
This unique reaction which might have a significant bearing on the struc- 
ture of benzene and the mechanism of substitution reactions of benzene 
certainly warranted conkmation with addenda other than organomag- 
nesium halides. With this in mind, we selected p-thiocresol, CH~CGH~SH,  
for another forced reaction study with benzophenone-anil because thio- 
phenols lend themselves admirably as reagents for the characterization of 
conjugated systems. 

In a preliminary experiment, in which a xylene solution of benzophenone- 
anil and p-thiocresol was refluxed for several hours, there was isolated a 
small quantity of di-p-tolyl disulfide, CH3C6H4SSC6H4CH3. Disulfides are 
formed by atmospheric oxidation of thiophenols; however, because the 
experiments were carried out in a trap2 to exclude air, we concluded that 
the formation of di-ptolyl disulfide was concomitant with reduction of the 
anil. This found support when the reaction products revealed p-thiocresol 
and di-p-tolyl disulfide equivalent to the initial quantity of P-thiocresol, 
and a basic compound free of sulfur, as well as some unaltered benzo- 
phenone-anil. 

The basic product of reaction melted at  83-84' and it appeared alto- 
gether reasonable that it might be p-aminotriphenylmethane formed as a 
consequence of the reactions 

Giman, Kirby and Kinney, THIS JOURNAL, 51, 2252 (1929). Kohler and 
Nygaard, ibad., 52, 4128 (1930), have just described a similar addition to the system 
-CO-CaH6. 

2 Gilman and Hewlett, Rec. trav. chim., 48, 1124 (1929). 
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because Busch and Rinck3 have shown that benzohydrylaniline (Reaction 
11) rearranges to p-aminotriphenylmethane when heated a t  an elevated 
temperature with aniline hydrochloride. 

However, the compound was shown not to be the p-aminotriphenyl- 
methane by comparison with an authentic specimen. It was subsequently 
established that Reaction I1 is correct, and that the benzohydrylaniline so 
formed united with a molecule of unaltered benzophenone-anil to give the 
complex 

which melts at  83-84' and which is readily prepared by mixing equimo- 
lecular quantities of the two components in alcohol.* 

The reduction of an anil is apparently a general reaction for this class of 
compounds inasmuch as benzalaniline was reduced rather smoothly under 
corresponding conditions to benzylaniline, as follows 

H H H 

CHsceHaSSceHlcH~ (IV) 

Likewise, azobenzene was reduced to hydrazobenzene, but under our 
forced conditions the hydrazobenzene underwent the known6 thermal 
decomposition to azobenzene and aniline 

H H 

and in the presence of an excess of the reductant (p-thiocresol) the azo- 
benzene was progressively converted to aniline. Of course, it is possible 
that  a part of the azobenzene may have been reduced directly to aniline, 
but  the isolation of some hydrazobenzene (as its rearrangement product, 
benzidine) indicates that the reduction to aniline probably proceeded in 
accordance with Reaction V. 

There is, then, no question concerning the reducing action of p-thio- 
cresol. However, it is only a mild reducing agent, as might have been 
predicted from the related hydrogen sulfide and alkaline sulfhydrates. 
Actually, it did not reduce, under our conditions, nitrobenzene or benzo- 
phenone. I t  is altogether reasonable to expect that a study of other mer- 

BUSC~ and Rinck, Ber., 38, 1761 (1905). 
Alessandri, Gazz. chim. ital., 51, 1, 75 (1921); C. A., 15,2860 (1921). 

6 Hofmann, Jahresber., p. 425 (1863); Biehringer and Busch, Ber., 36,339 (1902); 
Stiegiitz and Curme, ibid., 46, 911 (1913); Curme, Trxrs JOURNAL, 35, 1143 (1913); 
Wieland, Ann., 392, 133 (1912); Ber., 48, 1098 (1915). 
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capto grolrps, aIkyl as well as a@, might reveal such compounds as useful, 
preferential, mild reductants.6 However, this is beyond our immediate 
interests, which are concerned with the search of other addenda to support 
the unusual type of 1,4-addition shown by phwy1rnagnesium bromide. 

We noted also that p-thiocresylmagnesium iodide, CHaCaHdSMgI, did 
not react with either benzophenone-anil or benzalaniline in an ether- 
xylene solution. It was shown previously by Gilman and King7 that this 
mercaptomagnesium halide underwent 1,4-addition with the ethylenic 
ketonic conjugated system in benzalacetophenone, CeHbCN=CHCOC6&. 

Experimental Part > . 
Benzophenone-dl and p-Thiocreso1.-In a typical experiment, 23.0 g. (0.105mole) 

of benzophenone-anils and 39.0 g. (0.315 mole) of p-thiocresol were dissolved in 200 cc. 
of xylene and refluxed for twenty-four hours in a flask connected with a trap-o exclude 
air. The cold reaction mixture was extracted with 10% sodium hydroxide to remove 
13 g. or 33.3% of the thiocresol. Then the resulting mixture was concentrated under 
reduced pressure to remove the xylene, and the resulting oil was extracted with petroleum 
ether (b. p. 40-60') and filtered. The molecular complex of benzohydrylaniline and 
benzophenone-anil is but slightly soluble in petroleum ether. By this treatment 15 g. 
or a 58% yield of the benzohydrylaniliie and benzophenone-anil complex was isolated 
and identified by a mixed melting point determination. 

The oily residue from the petroleum ether yielded 10 g. or 37y0 of benzohydrylani- 
line. This was converted to its hydrochloride, which was identified by a mixed melting 
point determination with an authentic specimen prepared in accordance with the direc- 
tions of Busch-O The isolation of the benzohydrylaniline indicates that the complex 
with benzophenone-anil is first formed and then undergoes reduction. 

Other products recovered were 22.1 g. or 56.6% of di-p-tolyl disulfide and a trace 
of aniline. Like products were obtained in another experiment when a small quantity 
of piperidine was used as a catalyst. 

Benzalaniline and p-Thiocreso1.-In one experiment 25.5 g .  (0.141 mole) of benzal- 
aniline10 and 69.4 g. (0.564 mole) of p-thiocresol in 200 cc. of xylene were refluxed for 
twenty-six hours. The products obtained were 36 g. or 50.2% of p-thiocresol, 32 g. of 
di-p-tolyl disulfide (equivalent to 45.7% of p-thiocresol) and 19.4 g. of benzylaniline. 
AH of the benzylaniline was not recovered, because of the difficulty of effecting a complete 
separation from traces of aniline and some unaltered benzalaniline. The identity of 
benzylaniline was confirmed by mixed melting point determinations of the hydrochloride 
and oxalate prepared from it, with authentic specimens of these salts. 

6 Possibly such reduction of organic compounds by organo-mercapto groups may 
have been noted by others. We are unfamiliar with such studies. 

7 Gilman and King, THIS JOURNAL, 47, 1136 (1925). 
* The benzophenone-anil was prepared in accordance with the direction of Redde- 

lien, Ber., 42,4759 (1909). Unfortunately, the yields so obtained in several preparations 
were only about 20%. Single preparations were also made after the modifications of 
Reddelien, Ber., 48, 1462 (1915), and of Knoevenagel, J. prakt. Chem., [2] 89,37 (1913), 
and again with yields distinctly below those reported. Possibly the difficulty lies in 
varying purities of the condensing agents. 

Busch, Ber., 37,2691 (1904): Busch and Rinck, Ber., 38, 1769 (1905). 
lo Prepared in accordance with the directions given in "Organic Syntheses," John 

Wiley and Sons, Inc., New York, 1928, Vol. VIII, p. 22. 
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The same products were obtained in another experiment in which 0.5 cc. of piperi- 
dine was used as a catalyst. 

Azobenzene and p-Thiocreso1.-A solution of 18.2 g. (0.1 mole) of azobenzene and 
37.2 g. (0.3 mole) of p-thiocresol in 200 cc. of xylene was refluxed for twenty-five hours. 
As in all other experiments, a trapa was used to exclude air. The products obtained 
were 9.5 g. of aniline, 0.1 g. of benzidine (from a sulfuric acid treatment of the hydrazo- 
benzene present), 5.5 g. of p-thiocresol and 90% of the di-p-tolyl disulfide which should 
have formed on the basis of the reduction products isolated. 

Miscellaneous.-After heating 0 075 mole of benzophenone-anil with four molecular 
equivalents of 9-thiocresylmagnesium iodide in an ether-xylene solution a t  103-107° 
for twelve hours, 96% of the anil was recovered. In addition, 0.3 g. of aniline was iso- 
lated. Another experiment under corresponding conditions yielded a 95% recovery of 
the anil, and traces of aniline and di-p-tolyl disulfide. 

Subsequent to refluxing three equivalents of p-thiocresylmagnesium iodide with 
benzalaniline in an ether-xylene solution a t  114-124" for forty hours, 96% of the p- 
thiocresol was recovered. 

The recovery of p-thiocresol in an experiment in which four molecular equivalents 
of it were refluxed with benzophenone in xylene for twenty-six hours was 97.8%. A 
like recovery of p-thiocresol was had in an experiment wherein eight equivalents were 
heated with nitrobenzene in xylene for twenty-six hours. 

Summary 
In  continuation of studies on the unique 1,4-addition to a conjugated 

system which is part aliphatic and part aromatic, benzophenone-anil and 
benzalaniline, respectively, were heated with fi-thiocresol. No 1,4-addition 
was observed. Instead the thiocresol acted as a reducing agent, and was 
converted to di-p-tolyl disulfide. It also reduces azobenzene, but not nitro- 
benzene or benzophenone. p-Thiocresylmagnesium iodide did not react 
with the anils. 

THE CHLORINE DERIVATIVES OF VANILLIN AND SOME OF 
THEIR REACTIONS 

I n  previous work in this Laboratory1 the bromine substitution products 
of vanillin were studied f6r the purpose of completing the list and to ob- 
tain derivatives with which to test further the observations of Brady and 
D ~ n n , ~  who found that "no evidence of the existence of a second isomeride 
has been obtained in the cases of any hydroxybenzaldoximes," but that 
"certain negative substituents in the benzene ring seem to favor the exist- 
ence of two isomeric oximes." Since stereoisomers were not obtained from 

Raiford and Hilman, THIS JOURNAL, 49,1077,1571 (1927) ; Raiford and Stoesser, 
50, 2556 (1928). 

Brady and Dttnn, J. Chem. Soc., 105,825 (1914); 107, 1859 (1915). 
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the bromine derivatives an adequate test of the question required the study 
of products containing the "more negative" substituent chlorine. The pres- 
ent report covers some of the data collected in that work. 

The Action of Chlorine on Vanillin.-Prior to the present work Pera- 
toner3 chlorinated vanillin and obtained a product that was probably an 
impure sample of the monochloro derivative, m. p. 165', more recently 
isolated by Hann,4 which was regarded as the 5-chloro compound. Menke 
and Bentley5 chlorinated vanillin in a chloroform solution and obtained a 
product that melted a t  166O, and which was reported as a monochloro 
derivative, but no analytical data were recorded." 

To determine the positions of halogen in the three possible isomeric 
monochloro derivatives of vanillin, the start was made with that amino 
compound in which the position of the amino radical was fixed? as 2 by 
bringing it into relationship with hemipinic acid. This amino compound 
was diazotized and the chlorine derivative, m. p., 12g0, obtained by Sand- 
meyer's method must be 2-chlorovanillin. 

Direct chlorination of vanillin gave a monohalogenated product, m. p. 
163O, in which it has been argued by Hann that chlorine occupies position 5. 
The third monochloro derivative, m. p. 167-168°,8 was obtained by chlori- 
nation of 3-methoxy-4-acetoxybenzal dia~etate.~ To decide the position 
of chlorine in this compound, it was converted into a monobromochloro 
derivative, m. p. 214', the properties of which were compared with those of 
an isomeric monobromochloro compound obtained from 2-amino-5-bromo- 
vanillin, the structure of which has been established by Raiford and Stoes- 
ser.1° When the amino radical of this substance was replaced by chlorine, 
a monobromochlorovanillin, m. p. 1870,11 was obtained which has chlorine 
in position 2, and the product must be 2-chloro-5-bromovanillin. From 
this i t  follows that the substance melting a t  214' is the 5-bromo-6-chloro 

3 Peratoner, [Gazz. chitn. ital., 28, 1, 235 (1898)], reported a product that melted 
a t  158-160" and for which he recorded a chlorine content of 20.5% (calcd., 19.0). 

Hann, THIS JOURNAL, 47, 2000 (1925). 
Menke and Bentley, ibid., 20, 316 (1898). 

6 In the present work it was found that although a monochloro compound, m. p. 
163 ", is the chief product of direct chlorination of vanillin, large excess of chlorine gives 
also small quantities of the isomcric 2,5- and 5,6-dichloro derivatives. This problem 
will be studied further to learn whether it is possible to start with pure 5-chlorovanillin 
and obtain these dichloro compounds in quantity. 

Pschorr and Sumuleanu, Ber., 32,3408 (1899). 
* A mixture of this product and that melting a t  163" melted between 137 and 146 ". 

I t  is of interest here to note that 6-bromovanillin was obtained in high yield 
[THIS JOURNAL, 49, 1079 (1927)j by bromination of acetylvanillin in the presence of 
sodium acetate. 

10 Raiford and Stoesser, ibid., 50, 2560 (1928). 
l1 Anal. Subs., 0.2041:AgHal, 0.2544. Calcd. for CsH@,ClBr:Hal., 43.50. Found: 

Hal., 43.43. 
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derivative, and that the chlorovanillin, m. p. 167-168', from which it was 
prepared must have halogen in position 6. The monochlorovanillin, 
m. p. 163', previously recorded must therefore have halogen in position 5. 
These relations are indicated in the diagrams. 

HC(OCOCH~)B HC(OCOCH3)s 

(j:cH3 OH 
@OCHz - "0 OCHl 

OCOCH3 
I yCOCH3 

1 
CHO CHO 

BrQcH3 OH 

187' 

CHO CHO 
f 

Br * I3(3zi3 - Br G~~ 
OCOCHs OH OH 

PROOF O F  STRUCTURE OF 6-CHLOROVANILLIN 

When acetyl-5-chlorovanillin was nitrated it gave a chloronitro deriva- 
tive, m. p. 137'. Reduction of this product to the corresponding amine 
and replacement of the amino radical by chlorine gave a dichlorovanillin 
that melted a t  179'. Since this product was also obtained by direct chlori- 
nation of 2-chlorovanillin, the positions of the halogen atoms in this di- 
chloro compound are shown to be 2 and 5. 

It was shown above that the monochlorovanillin that melts a t  167-168' 
is the 6-derivative. Direct chlorination of this substance gave a dichloro 
compound, m. p. 192'. Since this product was also obtained by chlorina- 
tion of 3-methoxy-4-acetoxy-5-chlorobenzal diacetate and subsequent 
hydrolysis of the acetyl derivative, i t  follows that the final product must be 
5,6-dichlorovanillin. 

T o  obtain the third possible dichloro compound, 3-methoxy-4-acetoxy- 
6-chlorobenzal diacetate was nitrated, the acetyl groups removed by hy- 
drolysis, the resulting nitro compound reduced and the amino radical re- 
placed by chlorine. This product, melting a t  139-140°, is the only remain- 
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ing dich4orovanillin and must have halogen in positions 2 and 6. Chlorina- 
tion of this compound gave a low yield12 of 2,5,6-trichlorovanillin. 

Experimental Part 
The Three Monochloro Derivatives 

2-Chlorovanillii.-A mixture of 14.5 g, of 2-aminovanillin,la 20 cc. of hydrochloric 
acid and 10 cc. of water was cooled below 0 and diazotized by gradually adding 6.5 g. of 
solid sodium nitrite. After diazotization was ,complete, a solution of 10 g. of dry 
cuprous chloride dissolved in 50 cc. of concentrated hydrochloric acid was added. When 
the copper complex was decomposed, the mixture was heated on a water-bath for a 
few hours, cooled and filtered. The residue was washed with dilute hydrochloric acid 
and then with water: yield 88%. Recrystallization from ligroin or chloroform gave 
pale yellow prisms, m. p. 128-129. 

Anal. Subs., 0.4006: 21.65 cc. of 0.1 N AgNOa. Calcd. for C&OoC1; C1, 19.03. 
Found: C1. 19.19. 

This chlorovanillin was further characterized by the study of the derivatives in- 
dicated in Table I. 

TABLE I 
DERIVATIVES OF 2-CHLOROVANILLIN 

No. Compound Solvent Crystal form Yield. OJo 
1 Oxime Dil. alcohol Colorless needles 85 
2 p-Bromophenylhydrazone Dil. alcohol Brown plates 97 
3 Semicarbazone Alcohol Colorless plates 86 
4 Bis-benzidine Alcohol Fine orange needlesa 92 

No. Formula 

Cc. of 0.1 N 
AgNQ or wt. Halogen, % 

M. p., O C .  Subs., g. of AgX Calcd. Found 

1 CsI-Is03NC1 157-158 0.4098 20.37 17.60 17.65 
2 C14H1?02N2CIBr 144-146 ,2089 0.1916 32.46 32.54 
3 CQH~CO~NJC~ 220-221b ,5510 22.80 14.58 14.69 
4 C ~ S H ~ Z O ~ N ~ C ~ Z  224-226 .2398 0.1280 13.61 13.21 
" When dried a t  120° the color changed to red, but ao evidence of solvent of a y s -  

tallization was obtained. 
After removal of alcohol of crystallization. Anal. Subs., 0.6346: loss in wt. a t  

120°, 0.0836. Calcd. for one mole of CzHsO: 15.89. Found: 13.17. 

5-Chlorovanil1in.-This was obtained by a modification of Menke and Bentley's'4 
method as indicated below. Excess of chlorine beyond that requKed for a mono-deriva- 
tive was bubbled a t  the rate of about 10 g. of gas in fifteen minutes into a well-stirred 
solution of 43 g. of vanillin dissolved in 200 cc. of chloroform. Work was begun a t  room 
temperature and the temperature of the mixture was not allowed to rise above 60". 

l2 I t  is of interest to note here that after positions 2 and 6 have been filled by halo- 
gen, position 5 is much more readily attacked by bromine than by chlorine. Raiford 
and Stoesser [THIS JOURNAL, 50,2562 (1928)l obtained a 95% yield of tribromovanillin 
by bromination of the 2,6-derivative. In the present work a yield of only 31% of the 
trichloro compound was obtained, although twice the theoretical amounts of free chlo- 
rine and sulfuryl chloride, respectively, were used in separate experiments. When 2,6- 
dichbrovanillin was hrominated a yield of 96% was obtained. 

la Pschorr and Sumuleanu, Ber., 32,3408 (1899). 
14 Menke and Bentley, THIS JOURNAL, 20,316 (1898). 
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Crystals separated during the experiment and when all the chlorine had been passed 
in, the mixture was cooled and the solid removed by filtration. Fifty grams of vanillin 
was placed in the filtrate, enough chloroform added to dissolve all solid, chlorine passed 
in as before and the product filtered off after cooling. Repetition of the process with a 
second 50-g. portion of vanillin gave a total yield of 162 g. of chlorinated product or 
92%. Recrystallization from acetic acid gave colorless plates; m. p. 163'. Hann 
found 165'. In a repetition of the experiment, treatment of the first filtrate indicated 
above with a much larger excess of chlorine gave a small quantity of solid which after 
repeated crystallizations from alcohol gave colorless needles; m. p. 174-176'. A 
mixture of this and pure 2,5-dichlorovanillin m. p. 179" (see below) melted a t  175-177'. 

Concentration of the filtrate left after removal of the above dichloro product gave 
a mass of reddish colored crystals. Most of the color was removed by washing with 
ligroin (70-80"). Repeated crystallization of the residue from alcohol gave pale yellow 
needles; m. p. 188-191'. A mixture of this and pure 5,6-dichlorovanillin, m. p. 192' 
(see below), melted a t  191-192°. 

3-Methoxg-4-hydroxy-5-chlorocinnamic Acid.-A mixture of 48 g. of 5-chloro- 
vanillin, 40 g. of freshly fused sodium acetate and 100 cc. of acetic anhydride was heated 
under reflux for three hours and then poured into water. The acetyl derivative sepa- 
rated as an oil and later solidified; yield, nearly quantitative. Extraction with boiling 
alcohol to  remove starting material and crystallization from acetic acid gave light yellow 
granules; m. p. 201 O. 

Anal. Subs., 0.1715: AgC1, 0.2434. Calcd. for C12H1106C1: Cl, 13.12. Found: 
C1, 13.23. 

Hydrolysis of the above product with a dilute solution of potassium hydroxide 
gave the free acid, which was crystallized from dilute acetone; m. p. 235-236", with 
shrinking a few degrees lower. 

Anal. Subs., 0.2171: AgCl, 0.1395. Calcd. for CloH904C1: C1, 15.53. Found: 
C1, 15.89. 

5-Chlorovanillin was further characterized by study of the derivatives indicated in 
Table 11. 

TABLE IT 
DERIVATIVES OF 5-CHLOROVANILLIN 

No. Compound Solvent Crystal form Yield, Yo 
1 Oxime Dil. alcohol White needles 92 
2 p-Bromophenylhydrazone Dil. alcohol Yellow plates Nearly quant. 
3 Semicarbazone Dil. alcohol Colorless granules 73 
4 Bis-benzidine Dil. pyridine Yellow feathers 90 

No. Formula 

Cc. of 0.1 N 
AgNOs or wt. Halogen, % 

M. p. .  "C .  Subs., g. of AgX Calcd. Found 

" Obtained after drying for eight hours a t  125' to remove alcohol of crystallization. 
Anal. Subs., 0.2077: AgC1, 0.1045. Calcd. for C9H1003N3C1.C7H60: Cl, 12.28. 
Found: Cl, 12.45. Obtained after drying for two hours a t  120°. The volatile product 
from a second sample was conducted into ice cold water and gave the iodoform test for 
alcohol. Anal. Subs., 0.2460: loss in wt., 0.0387. Calcd. for 2 moles of CZHBO: 
15.00. Found: 15.37. Anal. Subs., 0.2374: AgCl, 0.1079. Calcd. for GkH2204- 
NzC12.2CzHeO: C1, 11.58. Found: C1, 11.24. 
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6-Chlorovanil1in.-This was obtained by chlorination of 3-methoxy-4-acetoxy- 
benzal diacetate, which was prepared as follows. To a solution of 10 g. of vanillin 
dissolved in 25 cc. of acetic anhydride a t  about -No, fifteen drops of concentrated sulfuric 
acid was added, and the red-colored mixture allowed to stand o

v

ernight. The solid 
was filtered off, washed with a little glacial acetic acid and the combined filtrate and 
washings poured into water; total yield, 97%. Crystallization from alcohol gave color- 
less plates; m. p. 90-9l0.1S Ten grams of this product was dissolved in 95 cc. of 
hot glacial acetic acid, 8 g. of finely powdered anhydrous sodium acetate added, the 
mixture cooled to about 40°, then about twice the calculated amount of chlorine passed 
in while the whole was stirred. Sodium chloride precipitated as the action proceeded. 
The mixture was poured into water and allowed to stand; yield, 91%. Repeated 
crystallization from alcohol gave colorless plates: m. p. 143-144'. 

Anal. Subs., 0.2258: AgC1, 0.0989. Calcd. for C14Rls0,G1: C1, 10.74. Found: 
C1, 10.83. 

Ten grams of the chlorobenzal diacetate was boiled with a dilute solution of potas- 
sium hydroxide until all had dissolved, the mixture was cooled and 6-chlorovanillin pre- 
cipitated by adding excess of hydrochloric acid; yield, 98%. Crystallization from al- 
cohol gave colorless feathers; m. p. 167-168 ". 

Anal. Subs., 0.1676: AgCl, 0.1281. Calcd. for C8H,01Cl: C1, 19.03. Found: 
C1, 18.91. 

5-Bromo4-chlorovanil1in.-This was obtained in nearly quantitative yield by 
slowly adding bromine to a warm glacial acetic acid solution of 6-chlorovanillin and 
anhydrous sodium acetate, with stirring. Crystallization from acetic acid gave colorless 
needles; m. p. 214". 

Anal. Subs., 0.2590: AgX, 0.3233. Calcd. for CdHeOaClBr: X, 43.50. Found: 
X, 43.50. 

5-Chloro-6-bromovanil1i.n.-Excess of chlorine was bubbled with stirring into a 
chloroform solution of 6-bromovanillim at about 40". The product crystallized out 
during the reaction. By working up the mother liquor an almost quantitative yield was 
obtained. Recrystallization from alcohol gave nearly colorless needles; rn. p. 202'. 

Anal. Subs., 0.2202: AgX, 0.2741. Calcd. for C8H603C1Br: X, 43.50. Found: 
X, 43.36. 

6-Chlorovanillin was further characterized by the study of the derivatives indicated 
in Table 111. 

TABLE I11 
DERIVATIVES OF 6-CHLOROVANILL~N 

No. Compound Solvent Crystal form Yield, YQ 
1 Oxime Dil. alcohol Colorless needles Nearly quant. 
2 p-Bromophenylhydrazone Dil. alcohol Pale brown needles 99 
3 Semicarbazone Alcohol Colorless needles 98 
4 Bis-benzidine Alcohol Yellow, amorphous powder 92 

Cc. of 0.1 N 
AgNOa or wt. Halogen, O/o 

No. Formula M. p., "C. Subs., g. of AgX Calcd. Found 

1 CsHs03NC1 1 78 0.2146 0.1534 17.60 17.68 
2 Cn4H1~OzN~C1Br 174 .I779 .I651 32.46 32.34 
3 C9HloOsN3Cl 241 .I780 .lo59 14.57 14.72 
4 CzsHnO~NzClz Dec. a t  263 .2403 .I311 13.61 13.50 

16 Tiemann and Nagai, Ber., 8, 1143 (1875), found 88-89" for a product that 
appears to have the same composition as ours, but they reported no yield. 
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The Three Dichloro Derivatives 
Acetyl-2-nitro-6-chlorovanil1in.-Twenty grams of 3-methoxy-4-acetoxy-6-chloro- 

benzal diacetate was added during a period of three minutes to 50 cc. of fuming nitric 
acid a t  2030' with shaking, and after standing for fifteen minutes the mixture was 
poured on cracked ice. The green oil that separated solidified on standifip; yield, 61%. 
Crystallization from alcohol after boiling with norite gave nearly colorless plates that 
became lemon-yellow on exposure to sunlight; m. p. 81-82'. 1 

Anal. Subs., 0.2083: AgC1, 0.1088. Calcd. for CtoHsOeNCl: C1, 12.97. Found: 
C1, 12.92. 

2-Nitro-6-chlorovanil1in.-This was obtained by hydrolysis of the acetyl derivative 
by alkali and by acid. The latter requires a longer time but gives a purer product with 
less color than was obtained with alkali. Crystallization from water gave colorless 
needles; m. p. 155157". 

Anal. Subs., 0.2387: AgC1, 0.1474. Calcd. for CsHBOfiC1: C1, 15.33. Found: 
C1, 15.27. 

2-Amino-6-chlorovani11'~1.-Ten grams of the above nitro compound was added in 
small portions to a boiling mixture made from 100 g. of ferrous sulfate in 350 cc. of 
water and 110 cc. of copcentrated ammonia water. The whole was boiied for fifteen 
minutes, 200 cc. of boiling water was added and the mixture was filtered while hot. 
The residue was repeatedly extracted with ammonia water and the collected filtrate was 
neutralized by dilute sulfuric acid in order to cause the amine to separate; yield, 920f0, 
Crystallization from alcohol gave yellow needles that softened a t  190" and melted pt 
192-193 O. 

Anal. Subs., 0.2750: AgC1, 0.1958. Calcd. for CsH808NC1: C1, 17.61. Found: 
C1, 17.61. 

2,6-Dichlorovanil1in.-The amino group in the above described compound was 
replaced by chlorine by means of the Sandmeyer reaction; yield, 40y0. Crystallization 
from carbon tetrachloride gave colorless needles; m p. 139-140". 

Anal. Subs., 0.2246: AgCl, 0.2888. Calcd. for CsH~OaClz: C1, 32.12. Found: 
C1, 31.81. 

This compound was further characterized by the study of the derivatives indicated 
in Table IV. 

TABLE IV 
DERIVATIVES OF 2,6-DICHLOROVANILLIN 

No. Compound Solvent Crystal form Yield, O/o 
1 Oxime Dil. alcohol Colorless needles 88 
2 fi-Bromophenylhydrazone . . . . . . . . . . 
3 Semicarbazone 90% alcohol Colorless needles 98 
4 Bis-benzidine Insoluble Red, amorphous granules Nearly quant. 

No. Formula 

Cc. of 0.1 N 
AgNOs or wt. Halogen, % 

M. p., OC. Subs., g. of AgCl Calcd. Found 

Acetyl-5-ch1orovanillin.-A mixture of 10 g. of 5-chlorovanillin, 10 cc. of glacial 
acetic acid and 20 cc. of acetic anhydride was refluxed for an hour and then poured 
into water. The oil that separated solidified after standing for one day. Many re- 
crystallizations from ligroin gave colorless needles that melted at 67 ". When distilled 
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at  5 mm. i t  passed over a t  167-172', and solidified to colorless crystals; yield, nearly 
quantitative. 

Anal. Subs., 0.2428: AgC1, 0.1525. Calcd. for ClOHBO4C1: CI, 15.53. Found: 
C1, 15.53. 

Acetyl-2-nitr0-5-chlorovanillin.-Five grams of the above described product was 
slowly added to 20 g. of fuming nitric acid with shaking, while the mixture was kept a t  
20" or below, and then poured on cracked ice; yield, nearly quantitative. Repeated 
crystallization from alcohol gave colorless needles that contained one molecular propor- 
tion of alcohol of crystallization; m. p., 95-96'. 

A n d .  Subs., 0.2118: AgC1, 0.0957. Calcd. for C~eH80~NCl~CeH~O:16 C1, 11.11. 
Found: C1, 11.18, 

2-Nitro-5-chlorovani1h.-The acetyl derivative was warmed with potassium 
hydroxide solution until a clear liquid was obtained, and then an excess of dilute sulfuric 
add was added. Crystanization of the yellow precipitate from 2097, alcohol gave pale 
yellow needles; m. p. 137 '. 

Anal. Subs., 0.1950: AgC1, 0.1214. Calcd. for CsHsOaNC1: C1, 15.33. Found: 
C1, 15.40. 

2-Amino-5-chlorovanil1in.-Ten grams of the above nitro compound was reduced 
by means of ferrous hydroxide as explained above, with the exception that the filtrate 
was not neutralized by acid. The amine crystallized from the filtrate on cooling, and 
concentration of the mother liquor gave a second crop; yield, 87y0. Recrystallization 
from water gave light brown needles; m. p. 136-137". 

Anal. Subs., 0.1935: AgC1, 0.1374. Calcd. for C8H803NC1: C1, 17.59. Found: 
C1, 17.56. 

2,s-Dichlorovani1l'in.-A portion of the amine was dissolved in dilute hydrochloric 
acid cooled to about 0" and diazotized by slowly adding sodium nitrite. Cuprous 
chloride dissolved in concentrated hydrochloric acid was now added to the dark red 
mixture, which was next heated on a water-bath for two hours. The solid was filtered 
off, washed with dilute acid, dried and extracted with hot acetone. The extract was 
boiled with norite, filtered and the filtrate mixed with water; yield. 83%. Recrystalliza- 
tion from acetone gave colorless needles; m. p. 179". 

Anal. Subs., 0.2691: AgC1, 0.3494. Calcd. for CsH603Clz: C1, 32.12. Found: 
C1, 32.12. 

When an excess of chlorine was bubbled into 100 cc. of chloroform solution contain- 
ing 1 g. of 2-chlorovanillin and the solvent distilled off, there was left nearly a quantita- 
tive yield of dichloro derivative mixed with some red resinous material. Crystallization 
from acetone gave colorless needles that melted at 17g0, and were found by a mixed 
melting point to be identical with the 2,5-derivative described above. 

This dichlorovanillin was further characterized by a study of the derivatives in- 
dicated in Table V. 

3-Methoxy-4-acetoxy-5-chlorobenzal Diacetate.-This product was obtained 
in 97y0 yield by refluxing for one and one-half hours a solution containing 15 g. of 5- 
chlorovanillin in 45 cc. of acetic anhydride with one drop of concentrated sulfuric acid 
and pouring into water. By boiling the alcoholic solution of the deep red solid with 
norite, filtering and crystallizing, i t  was obtained in light brown plates; m. p. 115-116'. 

1% sample dried for six hours under reduced pressure at 80' lost alcohol and left 
a residue that melted a t  112". Anal. Subs., 0.2953: AgC1,0.1555. Calcd. for CloHsOe- 
NCl: C1, 12.98. Found: C1, 13.03. 
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DERIVATIVES OF 2,5-DICHLOROVANILLIN 
No. Compound Solvent Crystal form Yield, % 
1 Oxime Dil. alcohol Colorless needles Nearly quant. 
2 p-Bromophenylhydrazone Dil. alcohol Nearly colorless needles Nearly quant. 
3 Semicarbazone Dil. pyridine Colorless needles 89 
4 Bis-benzidine Pyridine Yellow plates 98 

No. Formula 

Cc. of 0.1 N 
AgNOa or wt. Halogen, % 

M. p., OC. Subs., g. of AgX Calcd. Found 

1 CsHrOzNCb 158 0.2196 0.2671 30.05 30.08 
2 Cl4HllOzNtChBr 158 .I745 ,2104 38.68 38.33 
3 CgHsOaNaCba 228 .I825 .I890 25.51 25.62 
4 CasHzo04NzC14 254-255 .I379 .I325 24.04 23.77 

a This compound crystallizes with one molecular proportion of water, which was 
removed by drying to constant weight a t  120'. The hydrated form gave the following 
data. Anal. Subs., 0.1565: AgC1, 0.1505. Calcd. for CgH9OaNaClz.HzO: C1, 23.94. 
Found: Cl, 23.79. 

Precipitation from alcoholic solution by addition of water gave a colorless solid of the 
same melting point. 

Anal. Subs., 0.2123: AgC1, 0.0926. Calcd. for ClrH1607C1: C1, 10.74. Found: 
C1, 10.79. 

3-Methoxy-4-acetoxy-5,6-dichlorobenzal Diacetate.-Excess of chlorine was 
bubbled into a well-stirred solution of 5 g. of the above described diacetate and 4 g. of 
anhydrous sodium acetate in 75 cc. of glacial acetic acid, the mixture poured into water 
and allowed to stand for several hours; yield, 85y0. Crystallization from alcohol gave 
colorless needles; m. p. 117-118'. A mixture of this and the starting material melted 
a t  10Q-105°. 

Anal. Subs., 0.1968: AgC1, 0.1544. Calcd. for C14Hx4OrCh: C1, 19.44. Found: 
C1. 19.41. 

TABLE VI 
DERIVATIVES OF 5,6-DICHLOROVANILLIN 

No. Compound Solvent Crystal form Yield, % 
1 Oxime Alcohol Colorless plates 99 
2 P-Bromophenylhydrazone Acetic acid Yellow needles 66 
3 Semicarbazonea Alcohol Colorless needles 93 
4 Bis-benzidine Alcohol Fine yellow needles Nearly quant. 

" Anal. Subs., 0.1789: AgC1, 0.1609. Calcd. for CsH9OaNsCh.CzHaO: C1, 21.91. 
Found: C1, 22.25. Anal. Subs., 0.1839: loss in wt., 0.0212. Calcd. for 1 mole of 
GHeO: 14.19. Found: 11.53. 

Cc. of 0.1 N 
AgNOr or wt. Halogen, % 

No. Formula M. p., 'C .  Subs., g. of AgX Calcd. Found 

1 C ~ H ~ O I N C ~ ~  203 with dec. 0.2390 0.2904 30.08 30.06 
2 C14H1102N~ClzBr 163-164" .2307 .2707 37.87 37.30 
3 CoHgOaNsClz 237b .I627 .I683 25.53 25.64 
4 CzsHz~O4NzCt Dec. at 289 O .2562 ,2447 24.04 23.63 

a On further crystallization the melting point decreased to 147-157". Anal. 
Subs., 0.2499: AgX, 0.2707. Calcd. for C I ~ H ~ ~ O Z N Z C ~ ~ B ~ . C ~ H ~ O ~ :  X, 33.55. Found: 
X, 34.44. Dried to constant weight a t  120°. 



Nov., 1930 THE CHLORINE DERIVATIVES OF VANILLIN 4585 

The compound just described was hydrolyzed by boiiing with 10 N potassium hy- 
droxide solution into 5,6-dichiorovanillin, which was obtained as the sparingly soluble 
potassium salt. This was decomposed by dilute sulfuric acid and the product crystal- 
lized from alcohol; m. p. 192'. 

Anal. Subs., 0.1688: AgC1, 0.2196. Calcd for CsHeOaCh: C1, 32.12. Found: 
C1, 32.19. 

Trichlorovanillin and Derivatives 

2,5,6-Trichlorovanil1in.-To a saturated chloroform solution of 3 g. of 2,6-di- 
chlorovanillin, 4 cc. of sulfuryl chloride was added, the mixture protected from moisture 
of the air and allowed to stand for twenty-four hours. The solvent was allowed to 
evaporate a t  room temperature and the reddish residue was fractionally crystallized 
from dilute alcohol. Nearly colorless needles, m. p. 154", were obtained; yield, 3170.17 

Anal. Subs., 0.1612: AgC1, 0.2704. Calcd. for CgHbOaCb: C1, 41.68. Found: 
C1, 41.49. 

2,6-Dichloro-5-bromovanil1in.-The required amount of bromine was added to a 
warm acetic acid solution of 2,6-dichlorovanillin and sodium acetate, the mixture al- 
lowed to stand for fifteen minutes and then poured into water; yield, 96%. The prod- 
uct was dissolved in hot acetic acid, hot water was added until precipitation began, the 
mixture was heated until clear and then allowed to cool. Small colorless needles were 
formed; m. p. 167'. 

Anal. Subs., 0.1715: AgX, 0.2713. Calcd. for C&lLO8Cl2Br: X, 50.33. Found: 
X, 50.29. 

Trichlorovanillin was further characterized by the preparation of the following 
derivatives. The oxime was obtained in 94% yield by the usual method. Crystalliza- 
tion from alcohol gave colorless needles; m. p. 173 O. 

Anal. Subs., 0.1665: AgC1, 0.2654. Calcd. for CgHsOaNCb: C1. 39.37. Found: 
CJ, 39.43. 

The semicarbazone was obtained in 92% yield. Treatment of its hot alcoholic 
solution with hot water until precipitation began and allowing to cool gave colorless 
needles; m. p. 219'. 

Anal. Subs., 0.14%: AgC1, 0.2001. Calcd. for CgHgOaN3C4: C1, 34.07. Found: 
C1, 33.45. 

Summary and Conclusions 

1.  The list of possible chlorine substitution products of vanillin has been 
completed. Each has been characterized by the study of several deriva- 
tives. 

2. In the reactions which involved the aldehyde radical, the presence of 
ortho substituents caused no noticeable hindrance. 

3 .  When chlorine is allowed to react on a vanillin derivative it does not 
always enter the same position as does bromine under the same conditions, 
which shows that the position taken is, in part, dependent on the character 
of the entering substituent. 

4. In no case was there obtained more than one of the stereoisomeric 

17 Unchanged starting material was recovered from the mother liquors. 
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oximes demanded by theory. The one obtained, probably the anti form, 
could not be transmuted by hydrogen chloride. 

5. Further work is in progress in this Laboratory. 
IOWA CITY, IOWA 

PYROLYSIS OF ALLYLANILINES 
BY F. L. CARNAHAN~ AND CHARLES D. HURD 

RECEIVED SEPTEMBER 9,1930 PUBLISHED NOVEMBER 5, 1930 

Allylaniline sufficiently resembles ethylamine and allyl phenyl ether in 
structure so that its pyrolysis may be considered to have points of similarity 
with theirs, both of which have been previously investigated. Primary 
effects of dehydrogenation and of deammonation have been shown to be 
the case2 with ethylamine 

/ Hz f CH&H=NH 
CHaCHZNHz 

NH3 + CHz=CHz 

Most of the secondary reactions were traceable to the acetaldimide, chief of 
which was the further dehydrogenation into methyl cyanide or the de- 
methanation into hydrogen cyanide. 

For allylaniline to undergo the deammonation reaction the products 
would be aniline and allene. No allene was found in spite of careful search 
for it. The dehydrogenation reaction would give rise to acrolein-anil or 
its products of polymerization: CHFCHCHZNHC~H~ --+ Hz + CHF 
CHCH=NCcH6. Diallylaniline, CeH5N(CH2CH=CH2)2, would give rise 
t o  acrolein-anil polymers by loss of propylene. Both of these reactions 
seem to occur. However, the fact that considerable aniline is formed 
during the pyrolysis of both mono- and di-allylaniline shows that this is not 
the exclusive feature. 

Ally1 phenyl ether, on refluxing, has been shown to rearrange3 into o- 
allylphenol. Similarly, N-allylaniline might be expected to change into 
o-allylaniline, and N,N-diallylaniline into either o-allylphenylallylamine 
or 2,6-diallylaniline. Inasmuch as pyrolysis of allyl phenyl ether gave rise 

NHCHzCHCHa NHz NHCaHs NHa 

N-Allylaniline o-Allylaniline o-Allylphenyl- 2,6-Diallylaniline 
allylamine 

Du Pont Fellow, 1929-1930. 
a Hurd and Carnahan, THIS JOURNAL, 52,4151 (1930). 
a For a discussion of this subject, see Hurd, "The Pyrolysis of Carbon Com- 

pounds," The Chemical Catalog Co., Inc., New York, 1929, p. 215. 
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to a small yield of n~ethylcoumaran in addition to the o-allylphenol, so it 
might be anticipated that N-allylanilhe should give rise t o  methylindoline, 

/'cH2 

(>;.H-cH8 Methylcoumaran o'2c4:cH, 
Methylindoline 

Preliminary study4 of allyl- and diallylaniline indicated a pyrolysis on 
refluxing. The former changed partially into a primary amine, but i t  was 
not ascertained whether or not this was 0-allylaniline. Similarly, the 
tertiary amine, diallylaniline, gave rise to both primary and secondary 
amines. Dains6 found that the products obtained on heating allylaniline 
in a sealed tube a t  250' for eight hours were unchanged amine, aniline, 
unsaturated gaseous hydrocarbons and a large amount of non-basic tarry 
material. 

In this investigation it was established that the only primary amine 
formed from either allyl- or diallylaniline was aniline itself. It was further 
established that the secondary amine from diallylaniline was monoallylani- 
line and not o-allylphenylallylamine. Although diallylaniline is the am- 
mono analog of allyl phenyl ether, and although both substances possess a 
similar instability, i t  is apparent that the final products of the reaction are 
not strictly comparable in the two cases; but this should not be interpreted 
to mean that no analogy exists. Diallyl-pphenetidine, C.ZHF,O-C~H~- 
N(CsH5)2, was studied and its pyrolysis was found to be very similar t o  that 
of diallylaniline. Before discussing a mechanism of the pyrolysis, the 
general results will be outlined briefly. 

General Discussion of Results 

Propylene, in a fair state of purity, was liberated when either diallyl- 
aniline or diallyl-p-phenetidine was refluxed. It came more rapidly from 
the latter because of the higher reffux temperature (275'). Some diallyl- 
aniline was recoverable after two days of refluxing. Some allylaniline and 
larger amounts of aniline were isoluble. With diallylphenetidine, none was 
recoverable even when the reflux period had been shortened t o  two hours, 
nor was monoallylphenetidine found, but a large quantity of phenetidine 
was produced. In both cases over half of the original tertiary amine was 
changed into a non-volatile (at 23 mm. and 300°), brittle, black resin. 
The resin from diallylaniline possessed an average molecular weight of 783. 

With monoallylaniline, the reflux temperature was too low for rapid 
pyrolysis. Accordingly, it was heated a t  275' in a sealed tube. Aniline, 
gas and non-volatile tar were formed. When allylaniline vapor was 

H. Greengard and C. D. Hurd, unpublished results. 
6 Dains, Brewster, Blair and Thompson, THIS JOURNAL, 44, 2638 (1922). 
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passed through a pyrex tube a t  600° a t  such a rate that a hot contact time 
of two and one-half minutes was maintained, a similar but more deep- 
seated pyrolysis occurred. A 14-g. sample gave nearly 5 g. of aniline, 2.3 g. 
of unidentified liquids, 0.5 g. of benzene, 2.3 g. of tar and 1.3 liters of gas 
(hydrogen, olefins and paraffins). None of the original allylaniline was 
recovered. A similar change occurred a t  700° when the contact time was 
shortened to thirty-nine seconds. From a 50-g. sample the following sub- 
stances were identified: 5.7 liters of gas, 4.5 g. of benzene, 19 g. of aniline, 
1-2 g. of quinoline, 7.0 g. of other liquids and 8 g. of residue. The benzene 
which was produced in these high temperature experiments undoubtedly 
was formed by the splitting action of hydrogen on aniline (or aniline deriva- 
tives), an  effect which has been previously e~tablished.~ 

The moles of the more important reaction products have been sum- 
marized in Table I. 

TABLE I 
MOLES OF REACTION PRODUCTS FORMED 

Amine used 

Moles Substances formed, moles 
Moles converted Pro- Aniline or Allyl- 
taken into tar pylene phenetidine aniline Benzene 

Diallylaniline (reflux) 0.146 0.104 0 038 0.035 0.011 . . . 
Diallyl-p-phenetidine (reflux) .I38 .080 .062 ,091 . . . . . . 
Allylaniline (reflux) .044 .029 . . . .011 . . . . . . 

600" .I05 ,017 . . . ,054 . . . 0.007 
700" .376 .060 . . . ,204 . . . .06 

A preliminary study of acyl-allylanilines, CsH6N (allyl) (acyl), wherein 
the acyl group was acetyl and p-toluenesulfony1.-Allylacetanilide, b. p. 
149' a t  24 mm., was prepared in 71% yield by the reaction of allylaniline 
and acetyl chloride in absolute ether. About two-fifths of it was recovered 
after four and one-half hours' heating a t  300'. The remaining three-fifths 
was changed into higher-boiling material. Only a little gas was liberated. 
With allyl-p-toluenesulfonanilide, the decomposition a t  300' was complex. 
Hydrogen sulfide was evolved and resin formation took place. Only 
traces of primary amine derivatives were formed in either case. 

Mechanism of Pyrolysis of Allylani1ines.-Resin formation may be 
accounted for through the intermediate acrolein-anil by the equations 

Ar-NHCsHs + Hz + Ar-N=CH-CH=CH2 
Ar-N(CaH6)2 ---t CsHe f Ar-N=CH-CH=CH2 

No doubt these reactions do occur, and the presence of hydrogen from 
allylaniline provides an explanation for the presence of aniline: ArNH- 
CsHs 3. 2H --+ ArNH2 + C3He. This is a reasonable equation for the 
600 and 700' experiments, but a rather doubtful one for the others. How- 
ever, aniline was formed generously in all cases. Furthermore, just as 
much aniline (and phenetidine) was formed when the diallyl derivatives 

6 Fischer and Schrader, Brennstof-Chem., 1, 4, 22 (1920). 
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were heated as when monoallylaniline was taken, but the equation permits 
of no hydrogen formation with the diallyl derivatives. Aniline (or pheneti- 
dine) was not formed by direct cleavage, since allene was not formed. 

Although allyl phenyl ether is known to pyrolyze into o-allylphenol, the 
ammono analogs in this case appear not to behave in a parallel manner. 
Thus, N-allylaniline does not pyrolyze into o-allylaniline. However, a 
carbon-to-carbon union a t  the ortho position was demonstrated in the 700' 
experiments with the isolation of quinoline. The following plan suggests 
itself to explain its presence 

Such a series of reactions may seem to have little in common with the 

rearrangement , which was discussed above. 

However, it is important to note that it is the third carbon from the N 
which becomes attached to the ortho nuclear carbon. As Claisen7 has 
demonstrated, such is also the case in allyl aryl ethers, as witnessed by the 
equation 

The mechanism for such a rearrangement is speculative, but it is conceiv- 
able that it proceeds through a 6-membered oxygen ring. To  illustrate 
with allyl phenyl ether 

Quinoline, from allylaniline, may be explained in another fashion by 
assuming rearrangement to o-allylaniline, isornerization to X-methylindo- 
line, dehydrogenation to 2-methylindole, and rearrangements to quinoline. 
Unidentified bases which may have contained tetrahydroquinoline, 2- 
methylindoline or 2-methylindole were produced in all experiments. 

No single reaction seems adequate to explain the complex picture which 
this subject presents. It seems, however, that there are a t  least two major 

1 Claisen and Tietze, Ber., 58, 275 (1925). 
8 The rearrangement of 2-methylindole into quinoline by passing i t  through a hot 

tube has been reported by Pictet, Ber., 38, 1949 (1905). 
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effects. One is the reaction of ring closure, giving bicyclic products. 
Fundamentally this seems related t o  the pyrolysis of allyl aryl ethers. 
The other effect is one which is caused by the loose type of union between 
the allyl radical and the nitrogen. It is convenient to picture this reaction 
as 

Ar-NH-CaHs + ArNH- + -CHe-CHdH2 

after which the radicals should disproportionate 
2 ArNH- --+ ArNHz 4- ArN< + 
2 CH~==CH-CHZ- + C3Ha + CHz=CH-CH< 

1 

Propylene, aniline and resins are thus accounted for. 
A similar situation would prevail with diallylaniline or diallyl-p-pheneti- 

dine 
ArN(C3H5)z + ArN-CsHs + C 3 H h  

I 
2 C3Hs- CsHe + C3H1< 
2 ArN-C3H6 -+ ArNH-CaH6 + ArNdH-CH=CH* -+ polymers 

I 
I 

This mechanism calls for allylaniline as an intermediate product. Some 
was isolated from diallylaniline, but for the most part it suffers further 
pyrolysis as outlined above. 

The polymeric material with an average molecular weight of 783 may 
represent (CeH6N=CHCH=CH2)e,, which has a molecular weight of 786. 
To ascertain whether the polymerization reaction was justified, acrolein and 
aniline were made to interact at  10'. A yellow resinous solid was formed 
which melted at  about 76'. On heating, it changed into higher-melting 
resins which resembled those derived from the allylanilines. The reactivity 
of such anils is also evidenced in ethylidene-aniline, C~H~N=CHCHS, 
which is known

g 
to change into 1,3-dianilino-1-butene at  lo0. The resins 

from the pyrolysis of diallylaniline were similar but not identical in ap- 
pearance with the material from acrolein and aniline. This would be 
expected, however, in view of the presence of such radicals as C3H4, etc., 
with which the acrolein-anil could also unite. 

Experimental Part 

General Method of Investigation of Pyrolytic Products.-The mix- 
tures obtained from the action of heat on allylanilines were subjected to 
fractional distillation first at  atmospheric pressure and then under di- 
minished pressure until only very high-boiling resinous material remained 
in the flask. The intermediate cuts in which were found the anilines were 
treated with P-toluenesulfonyl chloride in the presence of an excess of 10% 
potassium hydroxide solution. After standing for several hours the mix- 

Von Miller, Plochl and Eckstein, Ber., 25, 2030 (1892). 
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the nearly colorless liquid was 239-240' at  746 mm,, 148" a t  45 mm. and 123" a t  18 
mm. Its index of refraction, ny, was 1.5556. It gave t e s l  for only a trace of secondary 
amine and contained no primary amine. 

Pyrolysis by Refluxing.-A 30-g. sample of diallylaniline was placed in a 100-cc. 
long-necked round-bottomed pyrex flask to which was sealed a piece of tubing I cm. in 
diameter and 60 cm. long to serve as an air condenser. A thermometer rested on the 
bottom of the flask and extended into the condenser. The flask was heated in a fused 
salt bath which was maintained a t  about 255". With a reflux maintained a t  about 
25 cm. above the liquid level, the temperature fell from the initial value of 240 O to 228.5' 
in forty-eight hours. 

About one liter of gas was evolved. Analysis showed the presence of 0.5% of 
carbon dioxide, 86.1 propylene, 0.5 ethylene, 0.7 oxygen, 3.4 hydrogen, 1.0 carbon 
monoxide, 3.4 paraffins (n in CnHzn+z was 1.7) and 4.4% of nitrogen. The identi- 
fication of the main portion of the gas as propylene rather than allene was made in 
another run (40 g.) in which the gas evolved was passed into a solution of 18 g. of dry 
bromine in 200 cc. of dry carbon tetrachloride. The material which remained after 
removal of excess bromine and solvent was distilled at  50 mm. The main fraction (4 g.) 
boiled at 68-70°. This boiling point is much lower than that of allene tetrabromide, 
whichll is 115.5" at  9 mm. The index of refraction gave confirmatory evidence that 
it was propylene bromide. At 23.5" the value was 1.5178 as compared to the known 
value a t  20' of 1.5182. Two or three drops of higher-boiling material had an index a t  
23" of 1.5420 and the same amount of residue in the flask had one of 1.5'720. The value 
for allene tetrabromide is 1.6200 at  20'. If the latter compound was not completely 
absent, it was certainly present in no more than traces. 

After forty-eight hours' refluxing, the hot, sticky product was transferred as com- 
pletely as possible to a Claisen flask equipped with a 20-cm. Vigreux column. The first 
fraction came over a t  180-200" (atm. press.). Continuing a t  23 mm., the next was col- 
lected from 100-123" and the third a t  123O, constantly. The fractions weighed 2.8, 
3.78 and 2.92 g., respectively. No more distillate could be obtained even when the 
flask was heated to 300" (23 mm.). While still hot, the residue was poured onto a watch 
glass. It solidified to form a brittle, black, resinous mass, weighing 18 g. 

The three liquid fractions, with a total weight of 9.5 g., were separately treated 
with p-toluenesulfonyl chloride and alkali in the usual manner. The presence in them 
of 3.33 g. of aniline and 1.47 g. of allylaniline was established. The remainder was 
probably unchanged diallylaniline, to a certain extent. The identity of the derivatives 
with known samples was confirmed in each case. 

Some work was done on the resinous material. About one-tenth of i t  was soluble 
in boiling 4 N hydrochloric acid. Neither the soluble nor the insoluble portion seemed 
to give quinones on oxidation with dichromate in dilute sulfuric acid solution. The 
molecular weight of the original resin in acetone was 783, an average of the values ob- 
tained from the following data. 

Mol. wt. Subs., 2.1868 g.: vol. acetone taken, 26.0, 25.0, 26.5 cc. ; AT, 0.255, 
0.250, 0.235". Mol. wts.: found, 793, 777, 779. 

Action of Acrolein on Aniline.-To a solution of 9.3 g. of aniline in 10 cc. of 95% 
alcohol and held a t  about 10' in an ice-bath, there was added slowly the theoretical 
amount (5.5 g.) of acrolein. The reaction was strongly exothermic, giving a slightly 
yellow, sticky mass. This was washed with petroleum ether, then dissolved in ether and 
precipitated from it by the addition of petroleum ether. The solvent was poured off. 
and as the solvent evaporated from the residue, the sticky mass gradually changed into 

" Hurd, Meinert and Spence, THIS JOURNAL, 52, 1145 (1930). 



4594 F. L. CARNAHAN AND CHARLES D. HURD Vol. 52 

a slightly yellow powder. It started to soften and become dark colored a t  68', and 
melted a t  about 76'. Some of this material was heated at  150' for ten minutes. After 
cooling and solidifying, i t  then melted a t  87 '. This resin resembled in appearance the 
one which was formed in the pyrolysis of dillylaniline. 

Diallyl-p-phenetidine 
Synthesis.-To 50 g. of p-phenetidine in a balloon flask equipped with an air 

condenser was added 45 g. of allyl bromide in small portions. After being heated for 
fifteeen minutes on a water-bath, the mixture was made alkaline and extracted with 
ether. The solvent was evaporated from the dried ether extract and to the residue 
was added another 45-g. portion of allyl bromide, The mixture was heated on a boiling 
water-bath for fifteen minutes and allowed to stand overnight. It was made alkaline 
and ether-extracted. The extract was dried over stick potassium hydroxide, the ether 
evaporated and the residue distilled from a modified Claisen flask at  23 mm. The dis- 
tillate boiling at  162-170" was 60 g., or 76% of the caculated amount. Redistillation 
gave 50 g. of pure material boiling a t  164-165'. Its density, di3 ,  was 0.9921, and its 
index of refraction, ny, 1.5458. 

Anal. (Kjeldahl). Subs., 0.3456, 0.3594: cc. of 0.1311 N HCl, 12.46, 12.80. 
Calcd. for ClrHloON: N, 6.45. Found: N, 6.62, 6.55. 

Preparation of pToluenesulfone-p-phenetidide.-A mixture of 7.8 g. of p-pheneti- 
dine, 19 g. of p-toluenesulfonyl chloride and 100 cc. of 2 N potassium hydroxide was 
allowed to stand overnight and was worked up in the customary manner. The treat- 
ment with sodium ethoxide must not be omitted. Altogether, there was obtained 13.4 
g. of product, an 81% yield. Crystallization from methanol, accompanied by treatment 
with bone black, gave beautiful colorless crystals, melting a t  109 (1 10 ", corr.). 

Anal. Subs., 0.5244, 0.5381: cc. of 0.1311 N HCI, 13.20, 14.04. Calcd. for 
CI~HI~O~NS: N, 4.81. Found: N, 4.63,4.80. 

Pyrolysis of Diallyl-p-phenetidine.-A 30-g. sample of diaIlyl-p-phenetidine was 
heated in an all-glass apparatus in a fused salt bath. I t  refluxed a t  265' with the evolu- 
tion in seventeen minutes of 350 cc. of gas. Analysis showed this to be 95% propylene, 
0.4% ethylene, 1.3% oxygen and 3.3% nitrogen. The remaining gas was led into 200 
cc. of carbon tetrachloride which contained 18 g. of bromine. Identification of the major 
portion as propylene and not allene was accomplished as outlined above for the gas 
from diallylaniline. Distillation of the bromide derivative a t  25 mm. gave 1.5 g. a t  
48-50"; its hdex of refraction was 1.5180. Practically complete distillation of the 
material remaining in the flask gave 1.75 g. with an index of 1.5225. The value for 
propylene dibromide at  20' is 1.5182, while that for allene tetrabromide is 1.6200. 
Furthermore, the boiling point of the latter compound is 115.5" at 9 mm., which is 
much higher than the value of the material in question. 

After forty-four hours of refiuxing, the hot contents of the reaction vessel were 
transferred to a modified Claisen flask and distilled a t  25 mm. In the range of 139- 
146" there was obtained 7.9 g. of p-phenetid'me, identitied as p-toluenesulfone-p-phene- 
tidide in a yield equivalent to that which was obtained from a sample of the pure amine. 
The melting point was 109' and this was unchanged by admixture of known material. 
Additional proof of the identity of the material as p-phenetidine was secured by diizo- 
tization, replacement by a cyanide group, and hydrolysis of the latter to p-ethoxybenzoic 
acid, m. p. 197'. From 146-165" was obtained 1.5 g., containing 0.9 g. of p-phenetidine. 
The brittle black resin which remained as a distillation residue weighed 17 g. 

In  brief, 30 g. of diallyl-p-phenetidine on refluxing a t  276-272" for forty-four hours 
gave 8.8 g. of phenetidine, 1.35 g. of propylene (0.61 g. in 350 cc. of gas, and 0.74 g. 
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equivalent to 3.25 g. of the dibromide), 17 g. of resin, and 2.85 g. lost or unidentified. 
A weight of propylene that would be equivalent (2 moles) to the phenetidine formed 
would be 3.24 g. No monoaliylphenetidine was found. Its stability a t  the reflux 
temperature of 275" is evidently less than that of allylaniline at 240 ". 

Pyrolysis. Two Hours of Reflux.-A 30-g. sample of diallyl-p-phenetidine on re- 
Buxing for two hours in an all-glass apparatus gave 10.6 g. of liquid products, 16.5 g. 
of resin and 2.65 g. of propylene. The phenetidine in the liquid products amounted to  
8.07 g. These results are almost identical with those obtained with the forty-four hours 
reflux period. The greater recovery of propylene in this instance is due to the fact 
that the gas was collected as such and was not subjected to the unavoidable losses oc- 
casioned by its conversion into propylene dibromide. 

Summary 
The behavior of allylaniline, diallylaniline and diallyl-p-phenetidine 

at  elevated temperatures has been studied. In general, the products are 
the parent primary amine, propylene and resinous material. Some 
quinoline was formed from allylaniline at 700'. Allene was not a product 
of the pyrolysis. Mechanisms have been suggested and discussed. 

The following new compounds have been prepared and characterized: 
diallyl-p-phenetidine, allyl-p-toluenesulfonanilide and p-toluenesulfone-p- , 

phenetidide. 
EVANSTON, ILLINOIS 

[CONTRIBUTION FROM THE INSECTICIDE DIVISION. BUREAU OF CIIEMISTRY AND Sons] 

ROTENONE. X. CLEAVAGE OF DERRITOL AND ROTENOL 
BY L. E. SMITH AND F. B. LAFORGE 

RECEIVED SEPTEMBER 24, 1930 PUBLISHED NOVEMBER 5, 1930 

When rotenone, Ca3H=O6, is boiled with zinc dust and potassium hy- 
droxide in alcoholic solution, two products are obtained: derritol, a yellow 
phenol formed with the loss of two carbon atoms, and a white compound, 
rotenol,' which contains two hydrogen atoms more than rotenone and 
which exhibits the properties of an alcohol. 

Butenandtl has advanced several theories to account for the formation of 
derritol of whicb the following mechanism is an example 

0 H 0 
I1 I I1 H o-i-c- I ('J---Ji8 + HzO + H2 + + CH-G-4 

Rotenone Derritol 

Rotenol is assumed by the same author to be formed by the reduction of 
the carbonyl group of rotenone to a secondary alcohol group. 

In previous articles2*s we have reported that several compounds derived 
Butenandt. Ann., 464, 253 (1928). 
La Forge and Smith, THIS JOURNAL, 52, 1091 (1930). 

8 La Forge and Smith, iW., 52,3603 (1930). 
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from dehydrorotenone are cleaved by hydrogen peroxide in alkaline 
solution to dibasic acids which contain the original two methoxy groups 
present in rotenone. Derric acid of formula C1&1407 was obtained from 
hydroxyrotenonic, as well as from dihydroxyrotenonic acids, while dehydro- 
rotenonic acid gave the next lower homolog of derric acid, CllH1207, the 
latter acid being identical with the permanganate oxidation product of 
derric acid. 

Both derritol and rotenol, as already r e p ~ r t e d , ~  yield acids on catalytic 
hydrogenation although in the case of derritol i t  is found convenient to 
methylate the phenol group in order to facilitate separation of the dihydro- 
derritol and derritolic acid. In  the case of rotenol the original double bond 
in the side chain of rotenone is also reduced during hydrogenation to the 
acid. The two resulting compounds, methylderritolic and dihydro- 
rotenolic acids, are both well adapted to oxidation by the alkaline peroxide 
method and both yield interesting cleavage products. 

Methylderritolic acid yields a monobasic trimethoxy acid of formula 
CllW140s corresponding to a trimethoxyphenylacetic acid. Permanganate - oxidation of this compound yields the next lower homolog, an acid of 
formula C10H1205, still containing the three methoxyl groups, and in all 
probability, a trimethoxybenzoic acid. Of the six theoretically possible 
compounds of this nature, four are known, but the properties of the com- 
pound obtained from derritol do not correspond to  those of any of them. 
There remain the 2,3,5- and 2,3,6-trimethoxybenzoic acids of which the 
new compound most likely corresponds to the last-mentioned derivative. 
The choice between the two possibilities must be decided by synthesis of 
one or both of the missing members. 

It follows from the facts so far established that the phenolic hydroxyl 
group in derritol arises from the indifferent oxygen atom in rotenone, 
that this group is attached to the same benzene nucleus as the methoxyl 
groups and that a t  least one carbon atom separates that nucleus from the 
carbon atom, probably the carbonyl group, a t  which cleavage takes place. 

It seems probable therefore that derritol does in fact contain the grouping 
(A) as suggested by Butenandt.' 

OCHi AS mentioned above, dihydrorotenolic acid is easily 
CH~O@-C- cleaved by alkaline peroxide and in this case also a 

monocarboxylic acid is obtained in good yield. 

A The acid obtained from rotenol is represented by 
the formula C I ~ H I ~ O ~ .  It contains the original two 

methoxyl groups of rotenone, gives no test for a phenol and does not reduce 
Fehling's solution. The compound will be named netoric acid. 

Oxidation of Methylderritolic Acid with Hydrogen Peroxide.-The procedure fol- 
lowed in carrying out this reaction was the same as that used for the preparation of derric 

La Forge and Smith, THIS JOURNAL, 52, 1088 (1930). 
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acid.6 Two grams of methylderritolic acid"as dissolved in 25 W. of 5% potassium 
hydroxide. The solution was warmed to 60° and 6 cc. of 30% hydrogen peroxide was 
added in small portions, after which the solution was boiled to remove any excess hydro- 
gen peroxide. After cooling, the solution was made acid with dilute hydrochloric acid 
and extracted with ether. The ether solution was dried over anhydrous sodium sulfate 
and the ether evaporated. The residue crystallized a t  once. The oily by-products were 
removed by pressing the crystals between filter papers, after which the compound was 
recrystallized from water. The melting point was 93 O ;  the yield, 0.7 g. Owing to  the 
presence of water of crystallization, the substance was dried for analysis to  constant 
weight a t  110". 

Anal. Subs., 0.0740, 0.0772: C02, 0.1578, 0.1650; Hz0, 0.0411, 0.0423. Subs., 
0.0218, 0.0143: Ag1,0.0676,0.0455. CaIcd. for CliH~lOa: C, 58.40; H, 6.15; 3CHaO: 
41.4. Found: C, 58 16, 58.25; H, 6.16,6.10; CH30,40.96,42.02. Titration. Subs., 
0.0194: 0.905 cc. of N/lO KOH. Calcd. mol. wt.: 226. Found: 214. 

Oxidation of Acid of Formula CllH1406 (Trimethoxyphenylacetic Acid).-Three- 
tenths of a gram of the acid was dissolved in 50 cc. of water containing an  excess of 
potassium hydroxide and to the cold solution 0.45 g of potassium permanganate dis- 
solved in 50 cc. of water was added in small portions. When the purple color had dis- 
appeared, the solution was warmed on the steam-bath and filtered. After evaporation 
to a small volume the solution was acidified and extracted with ether and the ether 
solution dried over anhydrous sodium sulfate. After removal of the solvent the residue 
was distilled in a high vacuum. The distillate crystallized at once and was recrystallized 
from carbon tetrachloride. The melting point was 78-SO0; the yield. 0.14 g. For an- 
alysis the substance was dried to constant weight a t  110". 

Anal. Subs., 0.0737, 0.0766: COz, 0.1530, 0.1593; H20, 0.0404, 0.0434. Calcd. 
for C1~H1zO~: C, 56.6; H, 5.66. Found: C, 56.62, 56.70; H, 6.09, 6.29. Titration. 
Subs., 0.0195: 1.76 cc. N/20 KOH. Calcd. mol. wt.: 212. Found: 221. 

Amide.-One-half gram of the acid was dissolved in 12 cc. of dry benzene and 0 5 g 
of phosphorus pentachloride was added. The solution was gently boiled until all of 
the hydrochloric acid was removed, then cooled in an ice-bath and dry ammonia gas 
passed into the solution. Water was then added and the benzene boiled off. The 
amide crystallized from the aqueous solution and was recrystallized from the same sol- 
vent. The melting point was 173" and the yield, 0.35 g. The compound was analyzed 
for nitrogen by the micro Kjeldahl method. 

Anal. Subs., 0.0171: 0.76 NIlO HCI. Calcd. for CloHuOJV: N. 6.63. Found: 
N, 6.46. 

Oxidation of Dihydrorotenolic Acid.-The procedure followed in this reaction was 
also the same as that used for the preparation of derric acid.6 Two grams of dihydro- 
rotenolic acid4 was dissolved in 25 cc. of 5y0 potassium hydroxide, the solution warmed 
to 60" and 6 cc. of 30% hydrogen peroxide was added in small portions. With each 
addition of hydrogen peroxide the solution was stirred until the precipitate which formed 
was dissolved. When the solution began to effervesce the stirring was discontinued. 
The reaction mixture was then boiled to remove excess peroxide and the small amount 
of separated resinous material extracted with ether. The solution was then acidied 
with dilute hydrochloric acid and extracted with ether. After drying over anhydrous 
sodium sulfate the ether was removed, leaving a sirupy residue which soon crystallized. 
The adhering oil was removed by pressing between filter papers. The compound was 
then recrystallized from water. The substance contained crystal water, and for an- 

6 La Forge and Smith, THIS JOURNAL, 52,2878 (1930). 
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alysis was dried to constant weight a t  l l O O .  The melting point was 91-92O. The 
yield was 0.5 g. 

Anal. Subs., 0.0734, 0.0638: H20, 0.0055, 0.0044. Calcd. for Cl~H,40,06.H~0: 
H20, 7.04. Found: 7.4,6.9. Subs., 0.0594,0.0679; COz, 0,1318,0.1515; H20.0.0316, 
0.0351. Subs., 0.0200, 0.0199: AgI, 0 0392, 0.0391. Calcd. for Cl2Hl4OPI: C, 60.50; H, 
5.88; 2CHs0. 26.05. Found: C, 60.49, 60.84; H, 5.91, 5.74; CH,O, 25.89, 25.95. 
Titration. Subs., 0.0201: 1.72 cc. N/20 KOH. Calcd. mol. wt.: 238. Found: 234. 
0.1982 g. of subs. in 10.6 CC. of ethyl alcohol showed no appreciable rotation in a 2-dm. 
tube. 

Summary 

Methylderritolic acid yields on alkaline peroxide oxidation a mono- 
carboxylic acid of formula CIIH~~OB having the properties of a trimethoxy- 
phenylacetic acid which yields the next lower homolog by permanganate 
oxidation. The new acid corresponds in its empirical formula to a tri- 
methoxybenzoic acid but does not agree in its properties with any of the 
four known compounds of this type. It therefore probably corresponds to 
either the 2,3,5- or 2,3,6-derivative, both of which are unknown. 

Dihydrorotenolic acid on peroxide oxidation yields a monocarboxylic acid 
of formula CI2H1405 containing the two methoxyl groups of rotenol. 

WASHINGTON, D. C. 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF HARVARD UNIVERSITY] 

ON THE COURSE OF ADDITION OF SODIUM ENOL ALKYL 
MALONIC ESTERS TO ALPHA, BETA-UNSATURATED ESTERS 

In the first account of the addition of sodium en01 malonic ester to esters 
of a,p-unsaturated acids1 the reaction was expressed as though the parts of 
the addendum were Na and -CH(COOEt)2 

RCH=CHCOOEt RCHCHNaCOOEt + 
NaCH(COOEt)z 

---3- I 
HC(CO0Et)l 

In agreement with this view, the many cases of a,@-olefinic carboxylic 
esters that have since been examined by reaction with sodium en01 malonic 
ester gave products that indicated that the maIonic residue had united 
with the 8-carbon atom. After the en01 structure was assigned to the 
sodium derivative of malonic ester2 the above reaction continued to be 
written as though the sodium atom migrated in the rea~tion.~ This mecha- 

' Michael, J. Prakt. Chem., 35, 349 (1887). 
"ichael. ibid.. 37, 496 (1889). 
a Although usually written as though the sodium atom becomes attached to the 

a-carbon atom of the unsaturated ester, attention had been called to the fact that the 
structure of such an addition compound would be unstable and would rearrange from 
the -CHNaCOOEt to the -CH=C(ONa)OEt form [Michael, Ber., 33,3731 (1900)J. 
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nism for the reaction received apparent support when it was shown that 
addition products could be obtained using sodium en01 alkyl malonic 
esters in the place of sodium en01 malonic ester.4 

RCH4HCOOEt RCH-CHNaCOOEt + -+ I 
CHaCNa(C0OEt)r CHsC(CO0Et)t 

J. F. Thorpe6 examined the reaction of the sodium derivatives of cyan- 
acetic and of a-cyanopropionic esters and concluded that the above manner 
of expressing the addition of sodium en01 malonic esters to m,D-unsaturated 
esters was erroneous. He showed that the addition of sodium en01 cyan- 
acetic ester to a-methylacrylic ester proceeded as follows, since upon treating 
with methyl iodide the addition compound gave a,y-dimethyl-7-cyano 
glutaric ester 
& H 2 = C ( ~ H s ) ~ ~ ~ ~ t  cHrCH(CH~)COOEt CH81 CH~-CH(CHs)COOEt 

+ ON, -+ ,<Na I 
HC=C' CHaC(CN) .COOEt 

b ~ t  1 OEt 
CN CN 

Thorpe regarded this as evidence that the sodium showed no tendency to 
leave the oxygen in the more acidic cyanacetic ester residue in order to add 
to the a-carbon atom attached to only one carbethoxyl group, and con- 
cluded that the reaction took place with migration of hydrogen but not of 
sodium. 

In the addition of sodium en01 a-cyanopropionic ester to /3,/3-dimethyl 
acrylic ester, the following possibilities were considered 
(CHs)2C=CHCOOEt (CHa)*C-CH(CH3)COOEt (CHJ)~C-CHN~COOE~ + ONa --+ 1 p a  or 

c==C 
I 

CH.--<,, CHBCCOOE~ 
I 1 'w~t 

CN CN 
I 

CN 

The acid cyano ester obtained upon acidifying the product lost carbon 
dioxide upon distillation to give a cyano ester. This upon hydrolysis 
yielded a,B,B-trimethylglutaric acid and it was, therefore, concluded, that 
the methyl group had migrated to the a-carbon atom in the initial addi- 
tion. These reactions were expressed as follows 
CHaCHCOOEt CHsCHCOOEt CH3CHCOOEt CH~CHCOOH 

I 3310 I - COa I I 
(CHs)zC ---+ (CHa)aC .-> (CH8)aC -+ (c&)2c 

I 
HCCOOH 

I 
HaCCN 

I 
CHaCOOH 

OEt kqoNa CN CN 1 

Michael6 examined the addition of sodium en01 methylmalonic ester to 
crotonic ester and obtained an ester (a) which upon treatment with methyl 

4 Auwers, Ber., 24, 307, 1923, 2887 (1891). 
Thorpe, J. Chem. Soc., 77,923 (1900). 

6 Michael, Ber., 33, 3731 (1900). 
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iodide gave a quantitative yield of a trimethylcarboxyglutaric ester. 
Methylation of the sodium derivative of 8-methyl-y-carboxyglutaric ester 
(prepared by addition of sodium en01 malonic ester to crotonic ester) gave a 
dimethyl y-carboxyglutaric ester (b), which had quite different properties 
from the isomeric ester (a). The ester (a) not only boiled 6 O  lower than 
the ester (b) but upon attempted methylation with sodium ethoxide and 
methyl iodide the ester (b) gave crotonic and dimethylmalonic esters. 
Evidently ester (a) forms a stable sodium derivative whereas ester (b) does 
not, but undergoes retrogression into crotonic and sodium en01 methyl 
malonic esters.' From their methods of preparation the two esters should 
have been identical and Michael was unable to explain the appearance of 
different compounds. Thorpe's research appeared a t  about the same time 
but neither chemist was aware of the other's work. 

I n  view of these anomalous results i t  was decided to reexamine the ad- 
dition of sodium alkyl malonic esters to a,p-unsaturated esters and deter- 
mine the constitution of the two isomeric esters (a) and (b). It was 
thought that this might lead to an explanation of the reactions by which 
they were formed. 

When the product of addition of sodium en01 malonic ester to  crotonic 
ester is treated with methyl iodide, B,y-dimethyl-y-carboxyglutaric ester 
is formed 

CH&!H=CHCOOEt CH3CHCH2COOEt CH,I CH3CHCHaCOOEt 
-+ E t o o c t c < O N a  4 

EtOOCC-H CHd!!(COOEt)r 
OE 

This is a proof that when sodium en01 malonic ester is used in these ad- 
dition reactions, then the sodium remains combined with the oxygen in 
the malonic residue. In other words, the addendum components are H 
and -C(COOEt)=C(ONa)OEt, a parallel mechanism shown by Thorpe 
t o  occur with sodium en01 cyanacetic ester addition. It has also been 
shown that it is hydrogen that migrates in the reactions of sodium en01 
malonic, sodium en01 alkyl malonic esters8 and diethylaminocrotonic ester

g 

toward phenyl isocyanate. 
If the above conception of the mechanism of this reaction offers any 

parallel in the case of the addition of sodium en01 alkyl malonic esters to 
such a,B-unsaturated esters, the course of the reaction would depend upon 
the  chemical hindrance to separation of the compor~ents of the addendum, 
that  is, upon the separation of the alkyl group from the directly attached 
carbon atom. This might be rendered possible by the positive character 

This was the first proof of the possible retrogression of these addition reactions; 
the subject was later more fully investigated by Ingold, J. Chem. Soc., 119, 1976 (1921). 

Michael, Ber., 37, 32 (1905). 
Michael and Cobb, Ann., 363, 14 (1905). 
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ture was acidified and from the precipitated material was separated the 
derivative of the primary amine by solution in W i n g  10% alkali in the 
usual way. The a&&-insoluble matda l  was treated with sodium ethoxide 
to convert any disulfonyl derivatives of primary amines to the monosul- 
fonyl ones. The p-toluenesulfonyl derivatives were, in general, purified 
by crystallization from methanol and water. Filter charcoal was used if 
necessary. The yields obtained from known quantities of the amines con- 
cerned were considered in determining the composition of mixtures by 
this plan. 

Allylaniline 
Synthesis.-Allylaniline was prepared in yields of about 30% by the actian of allyl 

bromide on sodium acetadide. After subsequent hydrolysis, the product was pursed 
by vacuum distillation. I ts  boiling point was 115' a t  23 mm. and 218" a t  745 mm. The 
material contained about 2% of aniline by analysis. It was not found practicable to  
form allylaniline by the action of equimolar quantities of aniline and allyl bromide as 
Schiff lo recommended. 

Pyrolysis at 27S0.-A sample of material containing 12.15 g. of allylaniline and 0.35 
g. of aniline was heated in a sealed tube at  275" for twelve hours. A small amount of 
idammable gas was noticed when the tube was opened. Distillation a t  atmospheric 
pressure gave 2.5 g. a t  186--206°, 3.0 g. a t  206-220°, 2.5 g. at  220-223' and a residue 
of 3.9 g. of black, viscid tar. not volatile even under reduced pressure. The three frac- 
tions were treated separately with p-toluenesulfonyl chloride and excess alkali. The 
presence in them of 1.38 g. of aniline and 6.24 g. of allylaniline was established. The 
identity of the derivatives obtained was verified in each case by the melting point and a 
mixed melting point with authentic specimens. The aniline derivative melted a t  103 O 

and its melting point was not lowered by admixture of known $-toluenesulfonanilide. 
Allyl-p-toluenesulfonanilide melted a t  69" and a mixed m. p. had the same value. 

Pyrolysis at 600°.-Allylaniline was dropped very slowly into a 50-cc. distilling 
flask held a t  270°. The vapor thus formed was conducted through a horizontal pyrex 
tube heated to 600° in a gas combustion furnace, The temperature, as indicated by a 
chromel-alumel thermocouple potentiometer set-up, did not vary from this temperature 
by more than three degrees. A bent piece of smaller tubing, sealed to the exit end of 
the reaction tube, extended into a 25-cc. distilling k s k .  The latter was cooled in an 
ice-salt bath. A U-tube, in series with the flask and held a t  the same temperature, col- 
lected nothing. The residual gas was collected over water in a 2.5-liter bottle. 

A 14-g. sample of allylaniline was passed through the apparatus in three hundred 
and fifty minutes. The dimensions of the tube and the barometric pressure were such 
that the contact time in the hot zone was 154 seconds. The amount of liquid product 
was 10.1 g. The gas collected was about 1300 cc. (0°, 760 mm.). I t  gave on analysis 
in percentage by volume: propylene 28.1, ethylene 12.9, hydrogen 9.4, carbon monoxide 
2.8, paraffins 36.2 (n in C,,Hzn+, was 1.68), nitrogen 11.6. As would be expected 
under these conditions, much of the propylene which was formed underwent pyrolysis. 
Considerable carbonization and the presence of hydrogen cyanide in the off-gases were 
indicative of secondary reactions. Hydrogen cyanide was tested for by passing the 
gas through water in a test-tube and converting it into Prussian blue. Thus, alkali was 
added, then ferrous and ferric ions. On boiling,for a minute and then acidifying, the blue 
precipitate appeared. I 

Schiff, Ann. Supplemmt, 3,364 (1864). 
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The liquid product was fractionated. Below 105" was obtained 0.5 g., which was 
presumably benzene. At 105-190° but mostly at  180-186O was collected 4.25 g. of 
liquid, 3.44 g. of which was confirmed as aniline through p-toluenesulfonanilide. 
Three grams of distillate containing 1.53 g.  of aniline was collected at  120-150" and 70 
mm. Summarizing, a sample of material containing 13.61 g. of allylaniline and 0.39 
g. of aniline gave 4.97 g. of aniline, about 0.5 g. of benzene, 2.35 g. of non-distillable tar, 
and 2.28 g. of unidentified liquids. The 1300 cc. of gas contained propylene and its 
decomposition products. No unchanged allylan3ne was found. 

Pyrolysis at 700°.-During sixty-four minutes a 50-g. sample of allylaniline was 
displaced by mercury from a graduated capsule into a vertical pyrex tube. This 
tube was heated to 700' in an electric furnace whose temperature was automatically con- 
trolled and recorded by a Leeds-Northrup potentiometer type recorder-controller. The 
dimensions of the hot part of the reaction tube were 90 X 2.1 cm. and the contact time 
was calculated to be thirty-nine seconds. A small tube sealed to the main reaction 
tube passed into a 100-cc. distilling flask which was surrounded by an ice-salt bath. 
The products which condensed in this flask weighed 44 g. A U-tube in series with it 
and also cooled by ice-salt collected nothing. The gases of the reaction, collected over 
water a t  21 * and 740 mm., had a volume of 6.5 liters. The corrected volume was 5.7 
liters. 

The liquid product was fractionally distilled. The first fraction was collected at  
740 mm. between 80-150 ", mostly below 120 ". This material was identified as benzene 
by conversion into m-dinitrobenzene, m. p. 87'; mixed m. p. 89". The distillation was 
continued at 24 mm. The greater part of an 80-90" fraction weighing 19.7 g. came over 
a t  87-88". Of this, 15.7 g. was identified as aniline through conversion of a portion into 
p-toluenesulfonanilide. In the range of 90-200°, 11.5 g. of a deep yellow liquid was ob- 
tained; non-volatile residue, 8 g. Of the 11.5 g. of distillate, 3.4 g. was identified as 
aniline. Only a trace of secondary amine was present. The presence of 1-2 g. of quino- 
line in this fraction was established as follows. The tertiary amines in 2.27 g. of the 
distillate were separated, employing p-toluenesulfonyl chloride in the usual way. After 
steam distillation, ether extraction and evaporation of the ether, methyl iodide was 
added and the mixture allowed to stand for two to three hours. The solid obtained was 
crystallized from 3 cc. of absolute alcohol. The yellow crystals were pressed on a 
porous plate. They melted at  73 O, the melting point of quinolinium methiodide. The 
mixed melting point with an authentic specimen was also 73". 

The analysis of the gas was as follows: COz, 0.7; unsatd. hydrocarbons soluble in 
62.5% H~SOP, 1.3; propylene, 24.0; ethylene, 18.1; oxygen (from admixed air), 4.9; 
hydrogen, 15.9; CO, 0.6; residue of paraffins and nitrogen, 34.5. 

Allyl-p-toluenesu1fonanilide.-Allylaniline was treated with 1.5 equivalents of p- 
toluenesulfonyl chloride and 4-5 equivalents of 2 N potassium hydroxide. The 
mixture was allowed to stand overnight, acidied and worked up in the usual way. 
The yield was 75% and the melting point was 69 O, or 69.3 corrected. An identical 
product was obtained in 89% yields by the action of an excess of allyl bromide on p- 
toluenesulfonanilide in N alkali solution. This method is preferable because of the 
difficulty in obtaining allylaniline. Unused p-toluenesulfonanilide was removed by 
solution in hot 2 N potassium hydroxide solution. 

Anal. (Kjeldahl). Subs., 0.5155, 0.5437, 0.5329: cc. of 0.1311 N HCI, 13.68, 
14.38. 14.00. Calcd. for CIOHI~O~NS: N, 4.88. Found: N, 4.87,4.83, 4.83. 

Dial1 ylaniline 
Preparation.-This was prepared in 68% yield by the action of allyl bromide on 

residues from the attempted direct preparation of allylaniline. The boiling point of 
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of the alkyl group and the strong positive influence of the slightly neutral- 
ized sodium atom in loosening the affinity between the respective carbon 
atoms. The addendum to the ethylenic linkage would then be alkyl and 
-C(COOEt)=C(ONa)OEt. With sodium en01 methylmalonic ester and 
crotonic ester the reaction would be as follows 

CHaCH=CHCOOEt CHaCH-CH(CHa)COOEt 
4- + I .ONa 

E~OOC~=C( 
OEt 

Upon examining the conditions of addition of methylmalonic to  crotonic 
ester, it was found that the course of the reaction varied according to the 
amount of sodium ethoxide used. When the addition was carried out in 
the presence of a small quantity of sodium ethoxide, then the addendum 
functioned as H and -C(CHs)(COOEt)2. With one-sixth of a molecular 
equivalent of sodium ethoxide, almost the theoretical yield of 0,~-dimethyl- 
r-carboxyglutaric ester was obtained. This ester is also 60% of the prod- 
uct of methylation of the sodium derivative of P-methyl-y-carboxyglutaric 
ester with methyl iodide. These reactions may be represented thus 

CHsCH=CHCOOEt CHaCHCHzCOOEt CH,I CH3CHCH,COOEt 
f I t-- 1 ONa 

CHaCH(CO0Et)p CHsC(COOEt)2 E~OOCC=C(O~~ 
In each case the structure of the ester was proved by saponifying and isolat- 
ing the Ply-dimethyl-y-carboxyglutaric acid, m. p. 167'. Furthermore, i t  
was shown that B,y-dimethyl-7-carboxyglutaric ester would not form a 
sodium derivative. Upon attempted methylation by treatment in the 
cold with sodium ethoxide and methyl iodide, fission occurred into crotonic 
and sodium en01 methylmalonic esters. 

CHsCHCHzCOOEt NaOEt CH3CH=CHCOOEt - 
1 - ,ONa 

CHsC(CO0Et)p cH37?0Et 
COOEt 

The sodium en01 methyl malonic ester was converted by the methyl iodide 
into dimethylmalonic ester. 

When methylmalonic ester and crotonic ester were condensed using a 
molecular equivalent of sodium ethoxide, no P,y-dimethyl-7-carboxy- 
glutaric ester was formed. Instead, a 60% yield of a,8-dimethyl-y-car- 
boxyglutaric ester was obtained. Hence i t  is concluded that under these 
conditions the reaction takes place with migration of the methyl group. 
The direct proof of this migration of the methyl group was obtained by 
comparison of the a,P-dimethyl-y-carboxyglutaric acid, m. p. 145', ob- 
tained on saponification of the above ester, with the acid synthesized by 
the addition of sodium en01 malonic ester to tiglic ester as follows. 
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However, the yields are small by this method (about 15%). Blaiseto 
prepared a,@-dimethyl-y-cyanoglutaric ester by addition of sodium en01 
cyanacetic ester to tiglic ester and obtained a better yield (65%). He also 
obtained a,@-dimethyl-y-carboxyglutaric acid from the above cyano ester, 
but described it as a thick sirup. Repeating his synthesis, a crystalline 
acid was obtained which was identical with the acid prepared by the other 
methods. 

The a,B-diiethyl-7-carboxyglutaric ester readily gave a sodium deriva- 
tive which with methyl iodide gave the theoretical yield of a,@,y-trimethyl- 
y-carboxyglutaric ester 

CHaCHCOOEt NaOEt CH3CHCOOEt CH31 CHsCHCOOEt 
I ____.j I 

CHaCH 
+ I 

CHsCH CHaCH 
1 

CH(C0OEt)z EtOOCC=C 
I 

CHaC(CO0Et)a 

When @,y-dimethyl-y-carboxyglutaric ester was treated with one molec- 
ular equivalent of sodium ethoxide, about half underwent retrogression 
into crotonic and methylrnalonic esters. The remainder was converted 
into alp-dimethyl-y-carboxyglutaric ester, while a small amount (about 
5%) of the ester was recovered unchanged. Since the addition is readily 
reversible, the change from p,y-dimethyl-y-carboxyglutaric ester to a,@-di- 
methyl-7-carboxyglutaric ester undoubtedly went through this stage, the 
methyl migrating by virtue of the type of addition that occurs between 
the sodium en01 methylmalonic and crotonic esters. 

Parallel results were obtained in the addition of sodium en01 methyl 
malonic ester to cinnamic ester. When the condensation was carried out 
using one-fifth of a molecular equivalent of sodium ethoxide, y-methyl-@- 
phenyl-y-carboxyglutaric ester was produced, showing that the parts of 
the addendum under these conditions are H and -C(CH3)(COOEt)2. 
The same ester was obtained by treatment of the sodium derivative of 
8-phenyl-7-carboxyglutaric ester with methyl iodide 

CaHrCH=CHCOOEt CeHaCHCHzCOOEt CHsI CaHsCHCHaCOOEt 
f -+ f-- 

CHaCH(COOEt)2 CH8&(COOEt)2 EtoocL=<ONa 
OEt 

These esters were identified by the acids obtained from them upon saponi- 
fication. Two apparently stereomeric forms of y-methyl-b-phenyl-y-car- 
boxyglutaric acid were obtained, m. p. 148 and 188O, respectively. The 

Blaise, Bull. sot. chim., 131 29, 332 (1903). 
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acid of m. p. 148' is a labile form and under certain conditions changes 
into the stable form, m. p. 188'. However, the acid of m. p. 14S0, crystal- 
lized in large prisms, could be kept apparently for an indefinite period 
(a specimen over six months old shows no signs of change). Such isomer- 
ism in an acid of the glutaric series, asymmetric about one carbon atom 
only, is anomalous since a meso as well as a racemic form is not possible, 

When methyl malonic esterwas added to cinnamic ester, using one molecu- 
lar equivalent of sodium ethoxide, the addition product consisted entirely 
of a-methyl-P-phenyl-y-carboxyglutaric ester. Upon saponification and 
separation of the isomeric acids produced from this ester, two appaxently 
stereomeric forms of a-methyl-fl-phenyl-y-carboxyglutaric acid were ob- 
tained. These were identified by direct comparison with the isomeric 
acids synthesized from the condensation product of sodium en01 cyanacetic 
ester with a-methylcinnamic ester. The cu-methyl-fl-phenyl-y-carboxy- 
glutaric acid was obtained by hydrolysis of the cyano ester with caustic 
potash. 

C6Hr,CHdHCOOEt c~H~CHCH(CH~)COOE~ C~H~CHCH(CHS)COOH 
-I- - -  I c::: --+ I 

EtOOCC-CHs EtOOCC=C HC(C0OH)p 
&,ON" 

'WE~ /' 
Two forms 

CdHsCH=C(CHz)COOEt C6~sCHCH(CHa)COOEt + /ONa 1 ONa 
HC=C C=C/ 

I \OE~ 1 \OE~ 
CN CN 

From these experiments it is apparent that sodium en01 methylmalonic 
ester will suffer fission in the presence of an a,@-unsaturated ester so that  
the addendum to the ethylenic carbon atoms becomes CHJ and -C(COOEt)- 
=C(ONa)OEt. When small amounts of sodium ethoxide are used t o  
bring about the addition of methylmalonic ester to unsaturated esters, an  
entirely different mechanism is involved and the sodium en01 rnethyl- 
malonic ester cannot be considered to react as such; it is even doubtful 
whether it is fonned. The small amount of sodium methoxide merely serves 
as a catalyst in the same manner as certain nitrogen bases, e .  g., piperidine, 
diethylamine,ll used to produce similar additions of malonic t o  unsaturated 
esters. 

A reacting system will proceed along the course whereby the maximum 
possible degradation of energy under the conditions of the experiment will 
be realized. This is illustrated by the conversion of maleic into fumaric 
acid by the catalytic action of a small amount of hydrobromic acid.12 
It may be assumed that a polymolecule of hydrobromic and maleic acid 

11 Knoevenagel and Mottek, Ber., 37,4464 (1904). 
12 Michael, Am. Chem. J., 39, 3 (1908). 
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is first formed, evidently possessing greater free chemical energy than maleic 
acid, which enables it upon decomposition to form fumaric acid with libera- 
tion of heat and hydrogen bromide. Such a transformation proceeds until 
almost all the maleic acid is converted into fumaric acid. Thus a far 
greater degradation of energy is realized in the formation of fumaric acid 
than would be achieved in the formation of a small amount of bromosuc- 
cinic acid. When a considerable quantity of hydrobromic acid reacts with 
maleic acid, a mixture of bromosuccinic with furnaric acid is obtained. 

Similarly, small amounts of sodium ethoxide may form polymolecules of 
high free chemical energy content but low stability, with the alkyl malonic 
ester present. The maximum degradation of energy is accomplished by 
causing.sirnple addition of the alkyl malonic ester to the unsaturated ester, 
rather than the formation of some sodium en01 alkyl malonic ester and ad- 
dition of this to the unsaturated ester with migration of alkyl group to form 
a small amount of the sodium en01 derivative of the tricarboxylic ester. 

However, when a molecular equivalent of sodium ethoxide is used, the 
neutralization of the sodium in the sodium en01 alkyl malonic ester becomes 
the deciding energy factor upon the course of the reaction. This is real- 
ized by the migration of the alkyl radical and the consequent formation of 
a better neutralized sodium en01 derivative. 

As a consequence of the above results, it is very probable that the addi- 
tion products obtained previously using sodium en01 alkyl malonic esters 
are compounds in which the alkyl group has migrated from the malonic 
residue. Some of these compounds are under reexamination. 

Experimental 

8-Methyl-y-carboxyglutaric ester was prepared by condensing sodium en01 malonic 
ester with crotonic ester by Auwers.l3 A better yield was obtained by using a small 
amount of sodium ethoxide as condensing agent. 

0.75 g. of sodium was dissolved in 10 cc. of absolute ethyl alcohol, 32 g. of malonic 
ester added and the mixture diluted with 300 cc. of dry ether; 23 g. of crotonic ester 
was added and the liquid refluxed for five hours on the water-bath. After cooling, 
a solution of 2 g. of acetic acid in 20 cc. of water was added with rapid shaking. The 
ethereal extract was washed with 10% sodium carbonate solution. The neutral ester 
had b. p. 144' (3 mm.) ; yield, 95%. 

j3-Methyl-y-carboxyglutaric acid was obtained upon saponification of the above 
ester with 10% caustic soda. It crystallized in large prisms from a mixture of acetone 
and chloroform, m. p. 139'. 

Anal. Calcd. for C7Hlo06: C, 44.21; H, 5.26. Found: C, 44.54; H, 5.36. 
Methylation of j3-Methyl-r-carboxyglutari~ Ester.-Two and three-tenths grams 

of sodium was pulverized and dissolved in 4.6 g. of ethyl alcohol in absolute ether solution 
by standing overnight;l4 27.4 g. of @-methyl-y-carboxyglutaric ester was added to the 
suspension of sodium ethoxide with cooling in ice and shaking. In a few minutes the 

13 Auwers, Be?., 24, 2888 (1891); Michael. ibid., 33, 3748 (1900). 
'4 Briihl, ibid., 37, 2067 (1904). 
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sodium ethoxide went into solution and 15 g. d methyl iodide was added. After stand- 
ing for six hours in ice watw, the preduet was worked up in the usual fashion; 28 g. 
of ester, b. p. 160' (9 mm.), was obtained, representing almost the theoretical yield of 
dimethyl-y-carboxyglutaric ester. 

Anal. Calcd, for C~rHetOe: C, 58.33; W, 8.33. Found: C, 58.2; H, 8.5. 

19,~-Dimethy1-y-carboxyglutaric acid was obtained upon saponification of the 
above ester with caustic soda. lt crystallized from acetone-chloroform mixture in 
characteristic nodules, m. p. l67O. Thorpe and Young's prepared this acid by methyl- 
ation of B-methyl-y-cyanoglutaric ester and give the melting point as 165'. 

Anal. Calcd. for CsHlzOe: C, 47.07; H, 5.88. Found: C, 47.05; H, 5.9. 

This acid, m. p. 167O, formed approximately 65% of the acid material. From the 
mother liquor a quantity of a sirupy acid was obtained, probably or,@-dimethyl-7- 
carboxyglutaric acid. 

Attempted Methylation of @,y-Dimethyl-y-carboqglutaric Ester.--One and one- 
tenth grams of sodium was converted into anhydrous sodium ethoxide, and 12 g. of 
@,y-dimethyl-y-carboxyglutaric ester was added to the ether suspension cooled in ice. 
Although shaken for thirty minutes, not all the sodium ethoxide dissolved; 7.5 g. of 
methyl iodide was added and in a few minutes sodium iodide separated. The mixture 
was permitted to stand for six hours at room temperature. The material was then 
worked up in the usual way and the neutral products on distillation gave the following 
two main fractions: b. p. 80-100" (12 mm.), 8.0 g. of crotonic ester, dimethylmalonic 
ester; b. p. 160-162' (10 mm.), 3.5 g. of unchanged ester. Upon saponification, the 
last fraction gave entirely ~,y-dimethyl-y-carboxyglutaric acid, m. p. 167", showing that 
the only change that took place was the fission of the main part of the ester into crotonic 
and sodium en01 methylmalonic esters. 

Addition of Methylmalonic Ester to Crotonic Ester.-The methylmalonic ester 
used in the following experimtnts was prepared by methylation of sodium en01 malonie 
ester and was purified from malonic ester by shaking out the latter with 25% caustic 
potash in the cold. '6 

(a) Using a Small Amount (One-Sixth Molecule) of Sodium Ethoxide.--0.75 g. 
of sodium was dissolved in 10 cc. of ethyl alwbol, 35 g. of methylmalonic ester was added, 
followed by 23 g. of crotonic ester and 300 cc. of dry ether. The whole was refluxed for 
five hours, then cooled and 2 g. of acetic acid in 20 cc. of water added. The ethereal 
solution was washed with 10yo sodium carbonate. A yield of 49 g. of ester, b. p. 155" 
(2 mm.), was obtained. Saponification of this ester gave a mixture of acids which con- 
sisted of approximately SOY0 p,~-dimethyl-r-carboxyglutaric acid, m. p. 167O, together 
with 10% of a,B-dimethyl-y-carboxyglutaric acid. 

(b) Using One Molecular Equivalent of Sodium Ethoxide.-Four and six-tenths 
g. of sodium was converted into anhydrous sodium ethoxide; 35 g. of methylmalonic 
ester was added to the ethereal suspension, followed by 23 g. of crotonic ester and 300 
cc. of ether. The mixture was refluxed for five hours, cooled, poured into 100 cc. of 
water containing 12 g. of acetic acid and worked up in the usual manner. On distilla- 
tion 20 g. of unchanged esters, b. p. 60-100" (12 mm.), was first obtained, followed by 
32 g. of ester, b. p. 148-150' (3 mm.), which proved to be o,p-dimethyl-r-carboxyglutaric 
ester; yield, 6OyO. 

Anal. Calcd. for CL4HzrOe: C, 58.33; H, 8.33. Found: C, 58.25; H, 8.4. 

o,~-Dimethyl-y-carboxyglutaric acid was obtained by saponification of the above 

Thorpe and Young, 3. Chem. SOC., 83, 358 (1903). 
16 Michael, J .  prakt. Chem., 72, 537 (1905). 



4606 ARTHUR MfCHAEL AND JOHN ROSS V0l. 52 

ester with caustic soda. It was obtained as a sirup which in a desiccator became a 
solid. This was broken up, rubbed with chloroform and recrystallized from a mixture 
of ether and ligroin, m. p. 145'. 

Anal. Calcd. for CJI120e: C, 47.07; H, 5.88. Found: C, 47.13; H, 5.99. 
This acid was identified as a,p-dimethyl-y-carboxyglutaric acid by mixed melting 

point with the acid prepared from the condensation product of sodium en01 malonic 
ester with tiglic ester. 

Upon distillation of this acid, m. p. 145', a mixture of cis and trans asB-dimethyl- 
glutaric acids was produced. This was separated by conversion of the cis acid into the 
anhydride and thence into the imide by treatment with dry ammonia gas a t  130°. 
The trans acid was extracted with sodium carbonate from the reaction mixture, leaving 
the pure imide, m. p. 113'. Hydrolysis of the imide with caustic soda gave the cis 
a,@-dimethylglutaric acid, m. p. 87'. The trans acid was a liquid." 

Similarly. distillation of @,r-dimethyl-7-carboxyglutaric acid, m. p. 167', gave 
cis and trans a,@-dimethylglutaric acids, which were separated through the imide. 
These were shown to be identical with the cis and trans a,@-dimethylglutaric acids ob- 
tained from a,p-dimethyl-7-carboxyglutaric acid. 

Methylation of a,p-Dimethyl-y-carboxyg1utaric Ester.-One and two-tenths grams 
of sodium was converted into anhydrous sodium ethoxide and 14.5 g. of a,&dimethyl- 
y-carboxyglutaric ester was added to the ether suspension, cooled in ice water. The 
sodium ethoxide readily dissolved, 8 g. of methyl iodide was added and the mixture 
left to stand for six hours. The product was then worked up in the usual way; 14 g. of 
or,@,y-trimethyl-y-carboxyglutaric ester, b. p. 164' (3 mm.), was obtained. 

Anal. Calcd.forClsHseOs: C,59.6; H,8.61. Found: C,59.4; H,8.6. 
a,8,~-Trimethyl-a-carboxyglutaric acid was obtained from the above ester by 

saponification with caustic soda. The acid was obtained as a sirup which could not be 
crystallized. 

Anal. Calcd. for CoHldOs: C, 49.53 ; H, 6.45. Found: C, 49.83; H, 6.52. 
Upon distillation the acid gave the cis and trans forms of a,& y-trimethylglutaric 

acid. 
Action of Sodium Ethoxide upon p,r-Dimethyl-y-carboxyglutaric Ester.-Fourteen 

and five-tenths grams of the ester was refluxed for six hours with an ethereal suspension 
of sodium ethoxide prepared from 1.2 g. of sodium by Briihl's method. After cooling. 
the product was poured into a solution of 4 g. of acetic acid in water, and the mixture 
worked up in the usual manner; 7 g. of the neutral ester boiling below 150' (15 mm.) 
consisted of crotonic and methylmalonic esters; 6 g. of ester boiled a t  160-163' (15 
mm.). This ester was saponified and found to consist mainly of a,B-dirnethyl-y- 
carboxyglutaric acid, m. p. 145'. A small amount (0.5 g.) of @,7-dimethyl-y-carboxy- 
glutaric acid, m. p. 167O, separated from this material was formed from unchanged ester. 

Addition of Malonic Ester to Tiglic Ester.-Twelve grams of malonic ester was 
added to sodium ethoxide prepared by Brithl's method from 1.8 g. of sodium; 9 g. of 
tiglic ester, b. p. 158' (760 mm.), was added and the ethereal solutiop heated on a water- 
bath for five hours. Working up the products in the usual manner gave a yield of 3 
g. of a,@-dimethyl-7-carboxyglutaric ester, b. p. 150' (3 mm.). 

Anal. Calcd. for C1,HuO6: C, 58.33; H, 8.33. Found: C, 58.1; H, 8.4. 
a,P-Dimethyl-Y-c~boxyglutaric acid was obtained from the above ester by saponi- 

fication with caustic soda. It crystallized in well-defined prisms, m. p. 145' with de- 
composition. 

l7 Thorpe, J. Chem. Soc., 83, 358 (1903). 
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Anal. Calcd. for CsH,,Os: C, 47.07; H, 5.88. Found: C, 47.15; H. 5.8. 
Larger quantities of this acid were prepared from the product of addition of sodium 

en01 cyanacetic ester to tiglic ester.ls The yield of a,p-dimethyl-r-cyanoglutaric ester 
was 65% and it boiled a t  143= (3 mm.). a,@-Dimethyl-y-carboxyglutaric acid, ob- 
tained from the cyan0 ester by hydrolysis with caustic potash, was identical with the 
substance prepared by the other two methods. 

a,@,r-Trimethyl-y-cylrnoglutaric Ester.-Twelve grams of a,@-dimethyl-y-cyano- 
glutaric ester was added to sodium ethoxide prepared from 1.2 g. of sodium and to the 
cooled ether solution 8 g. of methyl iodide was added, After standing for six hours. 
the mixture was worked up as usual. a,@,?-Trimethyl-y-cyanoglutaric ester distilled 
a t  160" (2 mm.). 

Anal. Calcd. for ClsHaOeN: C, 61.2; H, 8.24. Found: C,  60.9; H, 8.3. 
a,@,?-Trimethyl-y-carboxyglutaric acid was obtained by hydrolysis of the above 

ester with a 20% caustic potash solution. The acid was obtained as a sirup. 
Anal. Calcd. for C&IldOs: C, 49.53 ; H, 6.45. Found: C, 49.6; H, 6.6. 
F. E. RayIg prepared this acid from the ester obtained upon methylation of a,@- 

dimethyl-7-cyanoglutaric ester, and described it as a solid. m. p. 144-145". (It may 
be noted that 145O is the melting point of a,~-dimethyl-y-carboxyglutaric acid.) 

a,@,y-Trimethylgiutaric Acid.-a,@,?-Trimethyl-y-carboxyglutaric acid was heated 
at  160" in a distilling flask for thirty minutes, when the evolution of carbon dioxide 
ceased. The residue was then distilled, coming over at 170-180" (15 mm.) and partially 
solidifying in the receiver. This distillate was a mixture of cis and trans acids which 
were separated by the conversion of the cis form into the imide in the following way. 
The mixture, in a small distilling flask, was converted into the anhydride by several 
treatments with acetyl chloride. The acetic acid formed was removed under reduced 
pressure and dry ammonia gas passed through the sirupy mass a t  130° for one hour. 
The cooled contents was dissolved in dilute hydrochloric acid. The acid solution 
was extracted with ether and the extract washed with aqueous sodium carbonate to 
remove the trans acid. Upon concentration of the ether solution the imide crystallized 
out. 

a,p,r-Trimethylglutaninide was recrystallized from a mixture of ether and ligroin, 
m. p. 90". 

Anal. Calcd. for C8H1a02N: C, 61.94; H, 8.38. Found: C, 61.8; H, 8.2. 
Cis-a,@,y-trimethylglutaric acid was obtained from the cu,@,y-trimethylglutarimide 

by hydrolysis with 20% caustic soda. It crystallized from an ether and ligroin mixture 
in large prisms which, after the fourth crystallization, softened a t  115" and melted a t  
125". 

Anal. Calcd. for CsHls04: C, 55.2; H, 8.06. Found: C, 55.6; H, 8.3. 
Cis-cu,@,y-trhethylglutaric anhydride was a liquid. I t  was prepared from the 

above acid by treatment with acetyl chloride. 
Trans-a,B,r-trimethylglutaric acid was obtained by acidification of the sodium 

carbonate extract in the above separation from the cis irnide. I t  remained a liquid and 
resisted all attempts to obtain a crystfine form. 

Anal. Calcd. for C&H14O4: C, 55.2; H, 8.04. Found: C, 55.0; H, 8.2. 
F. E. Ray19 described an a,@,r-trimethylglutari~ acid melting at  134'. He did not 

attempt to separate his product into the cis and trans forms, but obtained his acid by a 
series of crystallizations. 

18 Blaise. Bull. soc. chim., [3 ]  29, 332 (1903). 
l9 Ray, Tms  J O U ~ A L ,  50,558 (1928). 
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p-Phenyl-y-carboxyglutaric ester was prepared by addition of malonic ester to 
cinnamic ester using a small amount of sodium ethoxide; yield, 70%; b. p. 187' (4 
mm.).20 

fi-Phenyl-y-carboxyglutaric acid was obtained by saponification of the above 
ester with 10% caustic soda. This acid crystallizes from a mixture of chloroform and 
ligroin in fine needles, m. p. 137 ". 

Anal. Calcd. for Cl2HlzOs: C, 57.15; H, 4.76. Found: C, 56.9; H, 5.0. 
Methylation of 8-Phenyl-y-carboxyglutaric Ester.-Thirty-four grams of the 

above ester was added to anhydrous sodium ethoxide prepared from 2.3 g. of sodium in 
ether; 15 g. of methyl iodide was added, the mixture allowed to stand in ice water for 
six hours, and the material worked up in the usual manner. On distillation of the 
neutral product, 17 g. boiled from 50-140 O (3 mm.) and consisted of cinnamic and di- 
methylmalonic esters and 12 g. of 7-methyl-p-phenyl-r-carboxyglutaric ester boiled 
a t  194' (3 mm.). 

A n d .  Calcd. for ClsHp~Os: C, 65.13; H, 7.43. Found: C, 65.0; H, 7.6. 
7-Methyl-fi-phenyl-y-carboxyglutaric acid was obtained from the above ester 

by saponification with caustic soda. On crystallization from a mixture of chloroform, 
acetone and ligroin, the acid first deposited fine needles which melted a t  188' with 
decomposition. 

A n d .  Calcd. for C11H1106: C, 58.64; H, 5.26. Found: C, 58.4; H, 5.4. 
The mother liquor then deposited a second acid crystallizing in large prisms, m. p., 

148O. 
Anal. Calcd. for ClaH14Os: C, 58.64; H, 5.26. Found: C, 58.3; H, 5.1. 
These two acids are isomeric forms of y-methyl-8-phenyl-y-carboxyglutaric acid. 

The fine crystals of the acid, m. p. 14S0, upon standing on a porous tile became con- 
verted into a form of m. p. 188' in the course of several hours. Large, well developed 
crystals of the low-melting form could be kept in a corked vessel for several months with- 
out change. 

Carter and Lawrence21 described 9 -methyl-0-phenyl-y-carboxyglutaric acid which 
they prepared by methylation of P-phenyl-7-cyanoglutaric ester and saponification of 
the resulting y-methyl-8-phenyl--,-cyanoglutaric esters (which they obtained in two 
stereoisomeric forms) with caustic potash. They found that each of these stereoko- 
meric cyano esters gave the same ; -methyl-p-phenyl-r-carboxyglutaric acid, m. p. 148'. 
Since they did not report obtaining any of the form of m. p. 188", their synthesis was 
repeated. It was found that hydrolysis with alkali of each of the two y-methyl+- 
phenyl-7-cyanoglutaric esters gave the acid of m. p. 148", but this could be converted 
into the form of m. p. 188". 

Addition of Methylrnalonic Ester to Cinnamic Ester 
(a) Using a Small Amount of Sodium Ethoxide.-One-half gram of sodium was 

dissolved in the minimum of ethyl alcohol, 20 g. of methylmalonic ester added, then 200 
cc. of dry ether and finally 20 g. of cinnamic ester. The mixture was refluxed on the 
water-bath for five hours, cooled and a solution of 2 g. of acetic acid in 20 cc. of water 
added. The product was worked up in the usual way; 16 g. of ester boiling a t  80-140 ' 
(3 mm.) consisted of apparently unchanged esters; 20 g. boiling a t  194-195' (3 mm.) . 
proved to be y-methyl-~-phenyl-r-carboxygl~tari~ ester, since upon saponification i t  
gave the corresponding acid. ' 

Michael, J .  prakt. Chem. 35, 350 (1887). 
21 Carter and Lawrence, Proc. Chem. SOL, 178 (1900). 
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(b) Using One Molecular Equivalent of Sodiugl Ethoxide.-Twenty grams of 
methylmalonic ester was added to a suspension of sodium ethoxide prepared from 2.6 g. 
of sodium in dry ether; 20 g. of einnasnic ester was added and the mixture refluxed on 
the water-bath fat: six hours. After cooling, 7 g, of acetic acid in 50 cc, of water was 
added, and the ethereal extract worked up in the usual way. The neutral esters were 
fractionated and 16 g.. b. p. 185-18$0 (3 mm,), was obtained. 

Anal. Calcd. for C1eH~Os: C, 65.13; H. 7.43. Found: C, 64.9; H, 7.51. 
*Methyl-0-phenyl-7-catboxy~luttuic acids were obtained from the above ester 

upon saponification W i t h  caustic soda, thus proving its structure. The acid i%st de- 
posited from solution in a mixture of chloroform, acetone and ligroin had a melting point 
of 171 O. The mother liquor deposited a second acid, which crystallized in fine needles, 
m. p. 145'. These two acids, present in approximately equal amounts, were shown by 
analysis and mixed melting point to be identical with the sorresponding acids synthesized 
from e-methylcinnamic ester. 

Addition of Sodium En01 Cyanacetic Ester to ~Methylcinnamic Ester.-Three 
and six-tenths grams of sodium was dissolved in 50 cc. of alcohol and 17 g. of cyanacetic 
ester added, followed by 29 g. of a-methylcinnamic ester. The mixture was heated on 
the water-bath for twenty-four hours. After cooling, the product was poured into a solu- 
tion of 10 g. of acetic acid in 200 g. of water, and the esters were extracted with ether. 
On fractionation of the neutral esters, 26 g. of a-methyl-8-phenyl-ycyanoglutaric 
ester, b. p. 185-187' (3 mm.), was obtained as a thick liquid. 

Anal. Calcd. for C17Ha04N: C, 67.33; H, 6.93. Found: C, 67.15; H, 7.1. 
a-Methyl-0-phenyl-7-carboxygiutaric acids were obtained by hydrolysis of the 

above ester with caustic potash. Upon fractional crystallization, the first acid was 
deposited as large prisms, m. p. 171 O, with decomposition. 

Anal. Calcd. for CiaHuOs: C, 58.49; H, 5.26. Found: C, 58.49; H, 5.5. 
From the mother liquor a second acid was deposited as fine needles, m. p. 145O with 

decomposition. 
Anal. Calcd. for ClsH140s: C, 58.49; K. 5.26. Found: C. 68.30; H, 6.4. 

Summary 
1. It has been shown that the course of addition of methylmalonjc ester 

to crotonic and cinnamic esters varies with the amount of sodium ethoxide 
used. 

2. In  the presence of small amounts of sodium ethoxide the addition 
proceeds with H and -C(CH3) (C0OEt)z as addendum components. 

3. In  the presence of a molecular equivalent of sodium ethoxide the 
addition proceeds with CH3 and -C(COOEt)=C(ONa)OEt as addepdum 
components. 

4. These results have rigorously proved the correctness of Thorpe's 
conclusions: that the addition of sodium en01 cyanacetic ester to a-methyl- 
acrylic ester takes place with migration of the hydrogen atom and that  
the addition of sodium en01 a-cyano propionic ester to B,&-dimethylacrylic 
ester takes place with migration of the methyl group. 

5. The mechanism of these reactions is discussed and explanations of 
the results are suggested. 

CONVERSE MEMORIAL LABORATORY 

CAMBRIDGE, MASSACHUSETTS 
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NOTES 

The Reduction of 1-Cystine to 1-Cysteine.-In a recent paper by 
Max Bergmann and Giorgios Michalisl a method is described for the cata- 
lytic hydrogenation of 1-cystine to 1-cysteine by means of "Palladium 
Mohr" and hydrogen. The authors also emphasized the possible importance 
of such a method for certain biological work in which metal-free cysteine 
preparations are de~irable.~ The use of dissolved metal salts for the reduc- 
tion can be excluded with this method. 

On the other hand Vincent du Vigneaud, L. F. Audrieth and H. S. Loring 
have presented a paper on "The Reduction of Cystine in Liquid Ammonia 
by Metallic Sodium" a t  the meeting of the Federation of the American 
Societies for Experimental Biology held a t  Chicago University on March 26, 
1930. Without actually having heard this paper it is to be assumed 
from its title that it has anticipated the results obtained by the present 
author on the same subject, who also had found the system liquid ammonia- 
sodium to be a suitable reducing agent for 1-cystine. However, some 
sodium sulfide and alanine also were found to be formed in the course of 
the reaction. 

Another reduction method for 1-cystine using aluminum amalgam as a 
reagent was simultaneously developed by the author and found to have 
some merits. This amalgam offers the possibility of reducing in aqueous 
solution, a minimum amount of dissolved metal salts being involved in the 
reaction due to the insolubility of the aluminum hydroxide formed. This 
and other advantages of the aluminum amalgam reduction process have 
been emphasized already several times before. An actual example was 
given in THIS JOURNAL in the reduction of phenylsulfonylchlorides to the 
corresponding mercaptansa 

A brief outline for the 1-cystine reduction, therefore, will be sufficient. 
1-Cystine is dissolved in carbon dioxide-free water and 1-1.5 times its 
weight of aluminum amalgam4 is added. The mixture is heated for ap- 
proximately one hour. During this time the evolution of some hydrogen 
sulfide is noticed (hydrogen sulfide is also evolved in the course of the 
ordinary reduction using tin and hydrochloric acid; see Harrison, Ref. 2). 
The material is filtered with suction and washed with carbon dioxide-free 
water until the test with ferric chloride is negative. The filtrate and wash- 
ings are combined, acidified with hydrochloric acid and evaporated to 
dryness in a vacuum at as low a temperature as possible. The crystalline 

Bergmann and Michalis, Ber., 63, 987 (1930). 
0. Warburg and S. Sakuma, Arch. ges. Physiol (Pfliigers), 200, 203 (192.7); 

S. Sakuma, Biochem. Z., 142, 68 (1923); D. C .  Harrison, Biochem. J., 18, 1009 (1924). 
E.  Gebauer-Fuelnegg. T HIS JOURNAL, 49, 1386 (1927). 
Prepared according to the procedure given by Wlslicenus. J .  prakt. Chem., 54, 18 

(1890). 



residue consists mainly of Iqsteine hydrochld&e, which can be separated 
readily from very small amounts of foreign matter by recrystallization, 

CONTRXBUTI~N m o ~  TH~E ERICA CEBAUER-FUELNRCO 
MEDXCAL SCHOOL OF 
NORTHWESTERN UNIVERSITY 

CHICAGO, ILLINOIS 
RECEIVED MAY 14, 1930 
PUBLISXED NOVEMBER 5, 1930 

Chlor Phenol Red.--During the past summer this Laboratory had 
occasion to examine colorinietrically several commercial samples of this 
indicator from various sources. The wide variation in the color produced 
by the indicator in buffer solutions led to a careful examination of the 
samples. 

Anal. Calcd. for dichlorophenolsulfonephthalein. C~~H~~SSCII:  S, 7.58; el, 
16.76. Found: Sample A, S, 6.76; C1, 13.5; Sample B, S, 6.54; C1, 16.00; Sample C, 
S, 7.14; C1, 12.10; Sample D, S, 6.48; C1, 8.46. 

This indicator was first prepared by Coheni by condensing o-chloro- 
phenol with the crystalline anhydride of o-sulfobenzoic acid and subse- 
quently crystallizing the crude product from glacial acetic acid. 

The experience of this Laboratory has been that repeated crystalliza- 
tion from acetic acid will not give a pure product. By repeatedly dis- 
solving the crude dye in hot water, acidifying with hydrochloric acid and 
concentrating on the water-bath to the point of crystallization, a product 
was obtained that gave the analysis: S, 7.60; C1, 16.66. 

This sample consisted of small, fine, greenish-brown crystals and gave 
an entirely different color in buffer solutions than samples heretofore 
examined. The alkaline color, besides being much more intense, con- 
tained more blue and less red than the commercial samples. 

CHEMICAL RESEARCH LABORATORY WILTON C. HARQEN 
HYNSON, WESTCOTT & DUNNING, INC. 
BALTIMORE, MARYLAND 

RECEIVED OCTOBER 8, 1930 
PUBLISHED NOVEMBER 5, 1930 

1 U. S. Public Health Repwts, 41, No. 53 (1926). 
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COMMUNICATIONS TO THE EDITOR 
X-RAY INVESTIGATIONS ON RUBBER 

Sir: 
During some earlier x-ray investigations on crepe rubber, i t  was ob- 

served that the originally translucent sample became more and more milky 
a t  the spot where the x-rays passed the material. The sample was the 
same as described in an earlier paper.' This rubber gave a distinct x-ray 
pattern during the first exposure, but, although the lines did not change 
their position, they became increasingly sharper with each exposure; 
simultaneously the opaqueness of the milky spot increased. The increase 
of sharpness of the originally broad lines represents, of course, increase in 
particle size; but evidently also the increasing cloudiness of the crepe 
rubber shows progressing crystallization 

Another sample of the crepe rubber was placed in front of the window of 
the x-ray tube and again slowly the milky spot formed becoming eventually 
entirely opaque toward transmitted light. The spot obtained was sharply 
defined by the transmitted x-ray beam and showed no diffuseness a t  the 
circumference. After four years of storage, no further changes occurred 
in the sample. Upon slight warming the milky spot would melt away 
again. 

An increase in the rate of crystallization of gutta-percha, but not of 
rubber, by means of ultraviolet light was observed by Ki rchh~f .~  

Evidently the above sample of rubber behaves similarly under the 
influence of x-rays as does gutta-percha with ultraviolet light. 

THE RAMAN SPECTRUM OF DIOXANE 

Sir: 
During the course of an investigation of the Raman spectrum of some 

synthetic resins, the solvent dioxane was used. As the spectrum of the 

O,C&CH latter has not been published previously, I wish to report 
20 here my findings. 

'CH~CH/ An apparatus designed by Reynolds and Benford [Re- 
Dioxane 

view of Scienti,fic Instruments, 1, 413416 (1930)l was used, 
modified by having a chromium elliptical reflector instead of a silver one, 
and its major axis in a horizontal rather than a vertical plane. A mercury 
arc gave the exciting spectrum, exposures of about six hours being made. 

1 E.  Ott, Naturwissenschaften, 14, 320 (1926). 
Kirchhof. Kautschuk, 4,254 (1928); C. A..  23, 1525 (1929). 
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The reciprocals of the wave lengths of the modified lines were as follows 
(the intensities are given in parentheses) and are accurate probably to 
within 6 an.-l. 

24426 (01,225 (O), 23878 (4), 691 (3), 590 (I), 496 (I), 408 (2), 267 (2), 28507 (00). 
422 (0). 099 (41,21997 (OO), 930 (I), 853 (3), 744 (5), 21640 (11, 556 (O), 501 (I), 20214 
(00), 088 (4), 19972 (5). The lines were correlated, respectively, as follows, the 
ordinal numbers in the preceding list being given first, followed by the respective 
wave number shift. 

Exciting line 
24710 24522 

1 284 (0) 2 297 (0) 
3 838 (4) 4 831 (3) 
5 1120 (1) 7 1114 (2) 
6 1214 (1) 
8 1443 (2) 

12? 2713 (00) 
14 2866 (3) 16 2882 (1) 
15 2966 (5) 17 2966 (0) 

23047 Average A; 

291 (0) cm.-' 
837 (4) 

13 1117 (1) 1117 (1) 
1214 (1) 
1442 (2) 
2720 (00) 
2864 (3) 
2967 (3) 
434 (0017 
519 (0)? 

THE PHOTOCHEMICAL POLYMERIZATION OF ACETnENE 

Sir: 
It has been reported by several observers' that the polymerization of 

acetylene to a solid resembling cuprene is induced by either activated 
mercury atoms or by the direct absorption of ultraviolet light. A quanti- 
tative investigation of the photochemical reaction has been undertaken 
in the hope of throwing some light on the kinetics of the process and to  
determine whether there is any simple relation between the quantum 
yield and the ion pair yield of the analogous radiochemical rea~ t ion .~  

The following are some of the more important results of this investiga- 
tion. Using the complete radiation of a quartz mercury arc and a reaction 
vessel three centimeters deep, the reaction velocity was observed to be 
proportional to the pressure of acetylene as long as this pressure was not 
greater than 30 cm.; a t  higher pressures the velocity approached a con- 
stant value. It seems probable therefore that the rate of polymerization 

1 Berthelot and Gaudechon, Conapt. relad., 150, 1169 (1910) ; Bates and Taylor, 
THIS JOURNAL, 49, 2437 (1927); Reinike, 2. angew. Chem., 41, 1144 (1928). 

2 Lind, Bardwell and Perry, THIS JOURNAL, 48, 1556-1575 (1926); Mund and 
Koch, Bull. soc. chim. Belg., 34, 241-255 (1926). 
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is proportional to the intensity of the absorbed light but is otherwise 
independent of the acetylene pressure. Using the same light source, the 
temperature coefficient of the reaction was determined by comparing the 
rate a t  12 and a t  39'. The ten degree temperature coefficient, so de- 
termined, has a value of 1.25. It is quite possible that this observed value " 

may be largely the temperature coefficient of the light absorption rather 
than that of the chemical reaction. Experiments performed with light 
filters indicate that light of wave length 2537 A. and longer is not efficient 
in producing the reaction; this is probably due to the comparative trans- 
parency of acetylene in this region. 

Several determinations of the quantum yield have been made. The 
light source used in these experiments was a mercury arc combined with 
a focal isolation apparatus, which excluded all radiation of wave length 
greater than 2537 fi. A weighted average of M/hv, for three separate 
determinations, is 7.4 .t 2.5. The uncertainty of this value is due to 
the precipitation of cuprene on the walls of the reaction cell, which limited 
the measurements to the first two millimeters' reduction in pressure. 
These experiments will be repeated with a more sensitive manometer in 
order to obtain a more accurate value for the quantum yield. Similar 
experiments with allene and the homologs of acetylene are now in progress. 
In all experiments a "hot" mercury arc was used, pressures were measured 
with a quartz spiral manometer and liquid-air traps and gold foil were 
used to  prevent the access of mercury vapor to the reaction system. 

NEW BOOKS 
Gmelins Handbuch der anoxganischen Chemie. (Gmelin's Handbook of Inorganic 

Chemistry.) Edited by R. J. MEYER. Eighth edition. Beryllium. System- 
number 26. Issued by the Deutsche Chemische Gesellschaft, Verlag Chemie 
G. m. b. H., Corneliusstrasse 3, Berlin W 10, Germany, 1930. xviii + 180 pp. 
10 figs. 17 X 25 cm. Price, to subscribers, M. 23.50; singly, M. 30. 

This volume covers the history of our knowledge of Beryllium, its 
occurrence, the preparation and properties of the free element and the 
preparation and properties of its compounds with elements having 
system-numbers smaller than 26, namely, the non-metals and the alkali 
metals. The literature has been covered to May 1, 1930. 

The collaborators in the preparation of this volume were Martin Hosen- 
feld, Hellmut Fischer, Sibylle Coho-Tolksdorf (atomic and optical proper- 
ties) and Adrienne Eisner (the complex compounds). 
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This volume is yet another valuable adation to this useful reference 
work. 

ARTHUR B. LAMB 

Gmetiis Handbuch der anorgadschen Chemie. (Gmelhiahs Randbook of Inorganic 
Chemistry,) Edited by R. f .  MEYER. Eighth edition. Cobalt. Part B. The 
Cobaltsimines. System-number 5S. Issued by the Deutsche Chemisehe Gesell- 
schaft, Verlag Chemie G.  m. b. H., Corneliusstrasse 3, Berlin W 10, Germany, 
1930. xxv f 376 pp. 2 figs. 17 X 25 cm. Price, to subscribers, M. 45; singly, 
M. 58. 

The great group of the Cobdtammines whose broad outlines were first 
discerned by our own Wolcott Gibbs and F. A. Genth and which S. M. 
Jorgensen so greatly enriched, has been of much importance in the de- 
velopment of chemical theory-particularly as a basis for Alfred Werner's 
revolutionary and far-reaching ideas. 

The first and indeed only adequate encyclopedia of our experimental 
knowledge of this group has been the volume entitled "Kobaltiake" 
written by Paul Pfeiffer and published as a part of the seventh edition of 
Gmelins Handbuch. The present volume is a revision and extension of 
this earlier work. Its original 290 pages have grown to 376 pages 
in spite of the use of finer type and the exercise of the greatest concise- 
ness. The literature has been covered to the end of 1929. 

Dr. Olga Angern (with Professor Pfeiffer's counsel), Dr. Mark von 
Stackelberg and Dr. Emma Haller collaborated in the writing and prepara- 
tion of this book. It, like its predecessor, will be invaluable to anyone 
engaged in a study of this interesting group. 

ARTHUR B. LAMB 

Oxidation-Reduction Potentials. By L. MICHAELIS, Member of the Rockefeller Insti- 
tute for Medical Research. Translated from the German Manuscript by Louis 
B. Flexner. J. B. Lippincott Company, East Washington Square, Philadelphia. 
Pennsylvania, 1930. xii -+ 199 pp. 16 illustrations. 14 X 21 cm. Price, $3.00. 

During the past few years the author of this monograph has played an 
active part in the potentiometric study of those oxidation-reduction sys- 
tems which are of particular interest to the biologist, and he has "thought i t  
timely and useful to venture to weigh the investigations so far made, to  
collect and to analyze their application to biological problems and to discuss 
the theoretical principles of oxidation~eduction potentials with the hope 
that future work by others as well as by himself might be facilitated." 
An introductory discussion of the energy changes which may occur in living 
organisms is followed by an exposition of the more important aspects of the 
physical chemistry of inorganic and organic oxidation-reduction systems. 
The remainder of the book is devoted to a description of the physiological 
applications which have been made of these principles, with particular 
emphasis an the puzzling system formed by cystiae and cysteine, to our 
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knowledge of which Michaelis and his associates have generously con- 
tributed. 

Those who have felt the need of some assistance in the problem of rapidly 
instructing the uninitiate in this modern field of research will not find their 
desires very well fulfilled by the new book, for i t  is addressed primarily to 
the expert rather than to the beginner The treatment throughout is 
critical, and the author's comments and historical notes, however interest- 
ing, do not always add to the clarity of presentation. The coining of the 
new word "redox" for "oxidation-reduction" and the inclusion in the text 
of the symbols "Rep," "Ret," "Oxp" and "Oxt" add neither to the beauty 
of scientific language nor to the simplification of the subject, 

Those who are engaged in research on oxidation-reduction potentials will 
find in Michaelis' monograph an interesting commentary on those phases of 
the general subject which he has selected for discussion. Few will fail to 
find both matters which are treated quite to their liking and ideas with 
which they definitely disagree. Since little agreement among the critics 
themselves is to be expected, it is clear that Michaelis has hesitated neither 
to  raise plenty of debatable questions nor to  indicate his own opinion. 
Theoretical views, indeed, are often advanced with a considerable degree of 
enthusiasm. In the treatment of the long-standing question of the 
mechanism of oxidation-reduction, for example, Michaelis is well aware 
that equilibrium data, which represent the only facts yet available, furnish 
no clue to the mechanism, and yet he finds the hypothesis of electron 
exchange so attractive that he applies it even to  the oxidation of basic sub- 
stances in neutral or acid medium. It is necessary in this case to assume 
the acidic dissociation of a strongly basic group as a primary step in the 
oxidation. A less ardent supporter of the electron hypothesis would con- 
cede that the Wieland mechanism gives a more reasonable interpretation of 
this particular type of reaction. 

While the newer ideas advanced by the author afford stimulating 
reading, one feels that they are to be regarded as suggestions rather than as 
well-rounded theories, for they do not always appear to be complete. Thus 
in developing a theory of the relation between color and oxidation potential 
the author states that the oxidized forms of the dyestuffs are without 
exception colored and the reduced forms colorless. He apparently has 
overlooked the striking relationship between the pale yellow anthra- 
quinones and the intensely colored anthrahydroquinone ions. 

I n  a field of work which is in the course of active development and which 
still presents numerous important problems, i t  is of value from time to 
time to have a comprehensive statement of the views of anyone whose work 
stamps him as an authority. Michaelis' monograph will be accepted as 
exactly fulfilling this function. 

LOUIS F. FIESER 
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Diatomaceous Earth. By ROBERT CALVERT, Chief Chemist, Van Schaack Bros. 
Chemical Works, Chicago, Illinois. Book Department, The Chemical Catdog Co., 
Inc., 419 P o d  Avenue, at 29th Street, New Pork, U. S. A ,  1930. American 
Chemical Society Monograph Series, No. 62. 251 pp. 15.5 X 23.5 cm. 

The author of this American Chemical Society Monograph intends it as 
"a description of the present day industry of diatomaceous earth, an inter- 
pretation of the literature in the light of experience, and an indication of 
needed discoveries yet to be made in a new and interesting field of re- 
search." 

He begins by explaining the structure and composition of diatomaceous 
earth with numerous photomicrographs showing the exquisite and varied 
forms of the diatoms whose fossilized remains have accumulated in enor- 
mous deposits in earlier geologic periods. The available statistics on pro- 
duction and trade throughout the world are assembled, showing that the 
amount mined in the United States exceeds the total in all the rest of the 
world by a substantial margin. The more important deposits are briefly 
described. The mining of the earth and its preparation for the market are 
discussed in considerable detail. The physical properties are expounded 
with special emphasis on the high porosity with the resultant low apparent 
density, great power to absorb liquids and low heat conductivity. Most of 
the book is devoted to present-day uses of the earth, the chief of these being 
for the filtration of sugar solutions, and for the manufacture of diatomace- 
ous brick for thermal insulation, and as an addition to concrete. The use 
of diatotnaceous earth in these and in many other industries is discussed 
thoroughly. There is also a chapter on thermal conductance and loss of 
heat through furnace walls, which gives the theory and mathematics of 
conductance and insulation. 

The book is well planned and clearly written, and offers a comprehensive 
review of the diatomaceous earth industry. 

GRINNELL JONES 

DOROTHY M. BOLLINGER 

Organisch-chemisches Praktikum. (Manual of Organic Chemistry.) By Dr. LUDWIG 

ORTHNER, Lecturer at the Technical High School of Karlsruhe, and Dr. LUDWIG 

REICHEL, Assistant at the Technical High School of Karlsruhe. Verlag Chemie, 
G. m. b. H., Corneliusstrasse 3, Berlin W 10, Germany, 1929. xvi + 260 pp. 61 
figs. 23.5 X 15.5 cm. Price, unbound, M. 9; bound, M. 10. 

This is an interesting, useful and well-written little handbook of organic 
preparations. The choice and spread of experiments is quite commend- 
able. In keeping with the present trend of organic chemistry, there are a 
number of experiments dealing with natural products, with the synthesis of 
biologically important compounds, and with a few catalytic procedures. 
There are interspersed throughout the book, and particularly a t  the con- 
clusion of each series of preparations dealing with a given ty.pe of com- 
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pound, brief discussions of the fundamental chemistry of the series. That 
the authors have an appreciation of the physical chemistry viewpoint is also 
evident. The conventional chapter on analytical procedures differs 
uniquely from other texts of this character in that i t  describes the very 
useful and practical half-micro methods of H. ter Meulen and Heslinga. 
Taken as a whole, then, the book creates a decidedly favorable impression. 

ARTHUR J. HILL 

The Constitution of Sugars. By WALTER NORMAN HAWORTH, D.Sc., Ph.D., F.R.S., 
Professor of Chemistry and Director of the Department of Chemistry in the 
University of Birmingham. Longmans, Green and Company, 55 Fifth Avenue, 
New Pork City, 1929. vii + 100 pp. Illustrated. 15 X 24 cm. Price, $3.40. 

This book gives a review of the more recent developments in the field of 
carbohydrate chemistry with which Professor Haworth's name is so closely 
linked. 

The important part played by the ring configuration of sugars is being 
more and more recognized in biological, biochemical, physiological, bo- 
tanical and industrial problems. 

In the field relating to the structure of carbohydrates and polysaccha- 
rides, Professor Haworth's brilliant contributions are too well known to 
require note. Thanks to the masterly technique developed with the aid of 
his colleague, Dr. Hirst, assisted by a very able group of co-workers, it has 
been possible to establish the constitution of the majority of the sugars on 
a firm experimental basis and, while such views have not yet been accepted 
in their entirety in all quarters, it is, in the reviewer's opinion, merely a 
matter of a relatively short time before such will be the case. 

The volume can be recommended most heartily to all students of carbo- 
hydrate and polysaccharide chemistry, as well as to all other students 
interested in obtaining a clear and accurate present-day picture of the 
structure of the products in this field. 

HAROLD HIBBERT 

Aluxniniumchlorid in der organischen Chemie. (Aluminum Chloride in Organic Chem- 
istry.) By GEORG KRANZLEIN, I. G. Farbenindustrie A.-G. Verlag Chemie G .  
m. b. H., Corneliusstrasse 3, Berlin W 10, Germany, 1930. 47 pp. 15.5 X 2.35 
cm. Price, M, 3. 

The recent developments in the commercial production of aluminum 
chloride and the publicity given them make this booklet unusually timely. 
It presents a survey of the organic chemical uses of aluminum chloride in 
eleven subdivisions: the Friedel-Crafts reaction with its ramifications, 
the Fries rearrangement, the Scholl reaction, dehydrogenations, addition 
reactions, condensation reactions with the elimination of water, halogen- 
ations, nitrations, polymerization and condensation reactions, splittings 
and rearrangements, and the cracking of hydrocarbons. The technical 
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and industrial values of the various reactions are emphasized. The book 
work is well done and the numerous formulas make for a clearer and more 
ready understandi~g of the complicated polynuclear compounds frequently 
introduced, The brochure is up-to-date, containing, as it does, citations 
from the literature of 1929. The large number of footnote references, 179 
being given, include several to patents. This little volume will be of in- 
terest to anyone who is concerned with the scope of the use of a reagent, 
aluminum chloride, which promises to be of increasing significance in 
organic chemistry. 

G.  ALBERT HILC 

Thyroxine. By EDWARD C. KENDALL, M.S., Ph.D., D.Sc., the Mayo Foundation, 
Rochester, Minnesota. American Chemical Society Monograph Series. The 
Chemical Catalog Company, Inc., 419 Fourth Avenue, New York 1929. 265 pp. 
39 figs. 15 X 23.5 cm. Price, $5.50. 

The interested public-and i t  is a large one-owes much to Dr. Ken- 
dall's reserve in the preparation of this admirable monograph on this 
active agent of the thyroid gland. As the author notes in his preface, 
the book was one of the first to be announced in the series in which i t  
appears, but actually it is the forty-seventh of the monographs to reach 
the public. The great interest in all that pertains to the thyroid both 
from the purely scientific and from the clinical viewpoints has led to a 
large amount of highly important investigative work during the last few 
years. By his well considered delay, Dr. Kendall has been able to give 
us a conspectus of these recent additions to knowledge in the field. 

The author's own contributions are of the greatest significance, and the 
early chapters of the book are devoted to a summary of them, prefaced 
by a brief historical sketch. As a chemist, the author emphasizes that 
aspect of the work in these earlier chapters, giving a critical review of 
the methods adopted for the isolation of thyroxin, the proof of its con- 
stitution, and a summary of its physical and chemical properties. This 
naturally leads to a discussion of the iodine content of the thyroid gland, 
the only portion of the body known certainly to contain this demonstrably 
essential element in detectable amounts. 

The author next turns to clinical consideration of the thyroid gland and 
its functional and organic derangements. Certain phases of mineral and 
nitrogen metabolism, the nervous influence of the secretory activity of 
the gland, Reid Hunt's acetonitrile test, and the effects of changed func- 
tion on the respiratory and carbohydrate metabolism are successively 
considered. 

It is well recognized that the thyroid is one of the potent regulators of 
growth and development, and chapters are allotted both to the results 
of spontaneous failure on various living forms and also to the stimulating 
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effects of thyroid substances on the metamorphosis of amphibian larvae. 
Other chapters dealing with pharmacological studies include the stand- 
ardization of thyroid preparations and their physiological activity; in 
addition, certain clinical and pathological material is discussed. With 
its well-known profound effect upon respiratory metabolism in the living 
organism, space is devoted to a consideration of possible mechanisms 
through which the active agent, thyroxin, may influence biological oxida- 
tions. The book concludes with a well selected bibliography listing five 
hundred and forty-one titles and well compiled author and subject indices. 
The book as a whole is a most excellent piece of work. While the author 
states that he has approached the task from the standpoint of a chemist, 
he has presented the clinical aspects in a way to be of interest and informa- 
tion to the practitioner. The selections from the over-abundant litera- 
ture have been most judicious, and an adherence to factual evidence is 
maintained throughout, the latter a pleasing and refreshing contrast to 
some of even the more recent of the literature of the ductless glands. 
Dr. Kendall is to be congratulated on the production of a most readable 
and significant treatise on a subject of wide general interest and import. 

A. W. ROWE 

Essences naturelles et parfums. (Natural Essences and Perfumes.) By RAYMOND 

DELANGE, Chief, Services Scientifiques des Fabriques de Laire. Librairie Ar- 
mand Colin, 103 l$pulevard Saint-Michel, Paris, 1930. 222 pp. 11 X 17 cm. 
Price, unbound, 10.50 fr.; bound, 12 fr. 

While this little handbook does not pretend to compete with the larger 
works on essential oils and perfumes, it should prove very valuable to those 
who wish to acquire a general knowledge of the chemistry of the subject. 

A chapter on odor and its relation to the properties and molecular 
structure of substances is useful and interesting. 

Chapters on analysis of oils and on the chemistry of the constituents of 
essential oils will be of interest to the worker in the laboratory. 

The chapter on definite odoriferous compounds, both natural and syn- 
thetic, contains much valuable information. 

The information given is accurate and concise. 
The author states that by reason of the plan of the work he describes 

only a 'few of the more characteristic essential oils. Fifteen such oils are 
included, besides certain natural resins and some animal products used 
in perfumery. 

The work includes a bibliography with references in the text. 
E. K. NELSON 
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COLLOIDAL PLATINUM AND ITS BEHAVIOR AS A TYPICAL 
ACIDOID SOL 

For soine tirne the author has been engaged on a series of investigatioxis 
upon the structure, stability and general reactions of colloidal platinum.' 
The advancement of the work has reached a stage where i t  has proved 
desirable to  present the collective evidence concerning the behavior of 
colloidal platinum as an acidoid sol, and to discuss the surface actions 
and the coagulation process, in the light of the more recent work. 

Apart from its general interest as a negative hydrophobic sol, colloidal 
platinum presents added features of importance. Its catalytic powers are 
well-known and, further, the question arises as to whether each platinum 
particle in the presence of oxygen (or of hydrogen) does not behave as a 
tiny oxygen (or hydrogen) electrode. Investigations a t  present in hand 
lead to the hope that the results will ultimately throw light on catalytic 
actions and on electrode phenomena. 

The Arcing of Platinum Poles.-All platinum sols used by the author 
were prepared by the Bredig method, using chemically pure platinum 
poles and conductivity water of specific conductivity less than 0.6 X 
The arcing was carried out in a closed vessel into which any required gas 
could be introduced. The negative pole showed the characteristic dis- 
integration crater, and hence the platinum leaves this pole, probably with 
a negative charge. Some of the atomized platinum condenses on the 
positive pole, which accordingly becomes elongated. The rest is dispersed 
into the solution, but only a fraction of this remains suspended as the 
colloid. Although the solution is kept continually circulating and a t  a 
temperature close to 0°, the tips of the poles become red hot and the action 
there is violent. Conditions are, therefore, suitable for the reaction of the 
atomized platinum with the water or with the oxygen due to the electro- 
lytic decomposition of the water. In any case, Rocasolano2 has found 

1 See Australian J. Exp. Biol. Med. Science, 4, 99 (1927); J.  Chem. Soc., 2600 
(1927) ; 551,2108 (1928) ; 618,623 (1929) ; Kolloid-Z., 49,407 (1929). 

2 Rocasolano, "Colloid Chemistry (Alexander)," Vol. I, 1926, p. 678. 
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that only hydrogen gas is actually given off, and therefore the equivalent 
amount of oxygen has been taken up by the platinum. As finely divided 
platinum is relatively easily oxidizedI3 one may conclude that under the 
conditions cited the oxygen has been taken up to form definite oxidation 
products, such as oxides and oxy-acids. 

The dissolved oxygen does not play a controlling part in the formation 
of these oxidation products, for if the preparation be carried out in the 
presence of nitrogen and the complete absence of oxygen4 (or of air), 
a comparable sol is obtained. It is acidoid, i t  contains the same free strong 
platinic acid, but i t  is somewhat less stable (more readily coagulated on 
boiling) than the corresponding sol prepared in the presence of oxygen. 
Such sols will be referred to as platinum-nitrogen and platinum-oxygen 
sols, respectively. It will be convenient to point out here that the results 
obtained show that whilst the surface of the particles of the platinum- 
nitrogen sol contains some unoxidized platinum, the surface of the plat- 
inum-oxygen (or platinum-air) sol is wholly oxidized. If a stream of 
oxygen is passed into the former sol, sometime after preparation, its be- 
havior is now comparable in every detail, with that of the platinum- 
oxygen sol. From these results one can assign the part played by the 
dissolved oxygen in the preparation of the latter sols. 
The Free Electrolyte Produced by Arcing.-On dispersing from 100 to  

150 mg. of platinum in a liter of water, the specific conductivity is of the 
order 6 to 8 X low6, and this may be increased to 30 X lov6 (or more) 
by boiling. From the weight of platinum present, and from the approxi- 
mate radius of the particles (30 X lo-? cm.), one may calculate that the 
molality of the dispersed platinum is of the order 10-lo M, and the specific 
conductivity due to the particles of the order 5 X 10-12. This is, of course, 
immeasurably small. Now the total negative charge on the platinum is 
equal to the positive charge on the contra ions ("gegenionen"), and these 
as will be shown are hydrogen ions. In  order that the conductivity of 
these ions should approach the average error shown in conductivity 
measurements (0.3 X corresponding to 0.000001 equivalent of 
hydrogen ion), i t  can be shown that each platinum particle must give 
rise to a t  least 10,000 "free" hydrogen ions. (By "free ions" are understood 
those which contribute the whole of their conductivity to  the solution.) 
The evidence available leads us to believe that in no case does the number 
of free contra ions ever approach this value, and hence the conductivity of 
both the platinum particles and their hydrogen contra ions may be 
neglected. This conclusion is confirmed by the following experiment. 
When an acid such as hydrochloric or nitric is added to  a pure platinum 

Wohler, 2. anorg. Chem., 29,l (1901); 40,423 (1904). 
The oxygen due to the electrolytic decomposition of the water cannot, of course, 

be excluded. 
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sol and to a strictly comparable sample of the intermicellar fluid, tbe 
conductivity-concentration curves exactly coincide, even when carried 
right past the coagulation point. Hence the removal of the platinum with 
its hydrogen ion partners causes no alteration in the conductivity. The 
whole of the measurable conductivity of a platinum sol may, therefore, be 
attributed to the free electrolyte produced during the arcing process. The 
intermicellar fluid (referred to above) can be isolated so as t o  retain this 
electrolyte by freezing and then thawing the sol. This treatment com- 
pletely coagulates the platinum and leaves the clear intermicellar fluid. 

Although the amount of dissolved electrolyte is too small for exact 
quantitative identification, titration with bases shows that it is a strong 
acid. From a knowledge of the oxidation products of platinum, the 
author concludes that  this free strong acid is hexahydroxyplatinic acid 
(H2Pt(OH)6), or one of its dehydration products, e. g., H2PtO(OH)4. 
The amount present is always small, and an average sol of specific con- 
ductivity 15 X lov6 contains 0.00004 equivalent. I t  will be shown later 
that many acids, including the common inorganic acids, coagulate a t  a 
constant hydrogen-ion concentration, namely 0.0002 N. It therefore 
appears that this would also serve as an approximate limiting maximum 
for the concentration of the hexahydroxy acid, in the preparation of stable 
sols. 

If platinum sols are filtered in order to remove the larger particles or 
the products of coagulation, the free acidity may become completely de- 
stroyed by the filter paper. The work of K~l thoff ,~  Rona and Michaeli~,~ 
and Mokruschin and Kryloff on the action of filter paper on acids, shows 
either that the acid is "adsorbed," or that there is an interchange of 
cations. To retain an acidoid sol in the absolutely pure state, filtering 
must be avoided, and any flocculated products removed by centrifuging 
or simply allowing the sol to stand for some time. 

Hexahydroxyplatinic Acid as  the Stabilizing Ionogen a t  the Colloid 
Surface.-In the theory of colloid structure as developed by D u c l a u ~ , ~  
G ~ u y , ~  Debye and Hiickel, lo McBain, l1 B jerrum, l2 Pauli and Engel,13 
Pauli and Schmidt,14 and others, the colloid particles are regarded as huge 
multivalent ions which owe their charges to the ionization of surface ion- 

6 Kolthoff, Pharm. Weekblad., 57, 1571 (1920). 
Rona and Michaelis, Biochem. Z., 103, 19 (1920). 

7 Mokruschin and Kryloff, Kolloid-Z., 37, 145 (1925); 43,387 (1927). 
8 DucIaux, J. chim. phys., 5,29 (1907). 

Gouy, J. phys., [4] 9,457 (1910). 
lo Debye and Hiickel, Physik. Z., 24, 185 (1923). 
l1 McBain, J. Phys. Chem., 28, 706 (1924). 
L 2  Bjerrum, 2. physik. Chem., 110,656 (1924). 
13 Pauli and Engel, ibid., 126, 247 (1927). 
l q a u l i  and Schmidt, ibid., 129, 199 (1927). 
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ogens. In many cases the surface ionogen has been identified.15 With 
colloidal platinum, the following considerations leave no doubt that the 
active ionogen is the strong ~la t in ic  acid, which has already been identified 
as H2Pt(OH)6l6 or one of its near relations. 

(a) First there is the general evidence that colloidal platinum pre- 
pared in conductivity water forms a stable sol. The surface ionogen 
necessary for stability must therefore have been formed during the arcing 
process. This immediately suggests that the ionogen is identical with the 
free acid present in the sol, and that probably an equilibrium exists between 
the amount combined and the amount free. 
(b) On aging or on boiling, the conductivity steadily increases. The 

statementL7 that "many metallic sols, e. g., colloidal platinum, coagulate 
quickly upon warming," is not correct. Pure platinum sols when prepared 
as above, can be boiled for hours. The increase in conductivity is due to 
the liberation (or formation) of more free electrolyte. On freezing out 
the platinum from the boiled sols, i t  can be shown, by titration with bases, 
that  the whole of the electrolyte present (including that newly formed) 
is the strong platinic acid. As there is a possibility that boiling may favor 
the production of further acid by oxidation, the boiling has also been 
carried out in the absence of oxygen and in the presence of nitrogen. Sim- 
ilar increases in conductivity were always obtained; hence it may be con- 
cluded that the colloid particles contain some platinic acid, which is 
gradually liberated on boiling or on aging. 

(c) On the addition of neutral salts i t  can be shown that the increase 
in acidity up to (and past) the coagulation point, is due to the ionic ex- 
change of hydrogen contra ions for cations of the added salt. This result, 
together with the foregoing, offers conclusive evidence that the contra 
ions are hydrogen ions, the surface ionogen is an acid and the sol is an 
acidoid. 

(d) In the presence of added acid, experiments show that the decrease 
in the cataphoretic velocity (or in the S-potential) is a linear function 
of the square root of the acid concentration. In terms of the Debye- 
Hiickel theory as applied to colloids,10 this result directly indicates that 
the added acid simply depresses the ionization of the surface acid until 
the critical potential is reached and coagulation ensues. This, in con- 
junction with the fact that acids coagulate a t  a fixed PH, affords further 
direct evidence that the platinum sol is acidoid. 

The Amount of Surface Acid.-It has proved extremely difficult to 
obtain an approximate idea of the fraction of surface covered by the 
acid. Quantitative examination of the platinum particles is of little use, 

l6 See Pauli and Valkb, "Elektrochemie der Kolloide," Wien, 1929, p. 95. 
l6 Pennycuick J. Chem. Soc., 2108 (1928). 
l7 Freundlich, "Colloid and Capillary Chemistry," English Ed., 1926, p. 457. 
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for apart from the surface acid there appears to be a considerable amotmt 
of acid in the interior of the particle. Experiments with barium hydroxide 
indicate that a maximum of 25% of the smface is the hexahydroxy acid, 
but later work with other bases shows that this is far too high even as a 
guiding maximum. By calculating the amount of hydrogen ion displaced 
from the surface by barium ion in the presence of excess barium chloride, 
one obtains a maximum of 14%) of surface acid. As in such cases hydrolytic 
cleavage is superimposed on the ionic replacement, the actual fraction is 
probably considerably less than this. Furthermore, the results indicate 
that in the pure sol an intimate relationship exists between the charge 
carried and the concentration of free hexahydroxy acid. A comparison 
of the free acid concentration and the S-potential, for a variety of pure 
sols, gave such irregular results as to suggest that the hexahydroxy acid 
is bound at  the colloid surface only at active points, and that the latter 
vary with the age and the treatment of the sol. The percentage of surface 
acid, therefore, varies from sol to sol, and at present no reliable value can 
be given in any one case. 

How is the Acid Held at the Surface?-There is nothing to be gained 
by laboring the different points of view as to whether the hexahydroxy 
acid is adsorbed or chemically combined at  the surface. It must be pointed 
out, however, that explanations of surface action (adsorption) in texms 
of the single physical factor, surface energy, have proved notoriously 
infertile and incomplete. Ellis18 and Powislg have demonstrated, in the 
case of oil emulsions, that the supposed intimate relation between adsorp- 
tion, surface tension and electric charge, does not exist a t  all, whilst coagu- 
lation phenomena observed with oil drops, vanadium pentoxide and also 
with colloidal platinum, can be shown to have no connection with changes 
in interfacial tension. Furthermore, Laing, McBain and Harrison20 have 
obtained results which appear to be quite contrary to the predictions of 
the Gibbs theorem. 

The more useful interpretation that surface reactions take place through 
oriented and polar groups is to be preferred. Adsorption forces are then 
identified as those which produce chemical combination, any differences 
being only in degree. This is the point of view adopted by the writer, 
who considers that the anion of the hexahydroxy acid exists a t  the sur- 
face as part of the micelle structure, and the following evidence indicates 
that it is there combined with certain active molecules which are probably 
oxides. It has been pointed out that a platinum-nitrogen sol contains less 
surface oxide than a platinum-oxygen sol. The former is, moreover, less 

l8 Ellis, 2. Pkysik. Ckenz., 80, 597 (1912). 
l9 Powis, ibid., 89, 186 (1915). 
20 "Colloid Symposium Monograph," Chemical Catalog Co.. Inc., New York, 1928, 

p. 631. 
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stable against boiling. If, however, i t  receives a stream of oxygen, its 
stability is now comparable with the platinum-oxygen sol. The stabilizing 
acid is therefore more strongly held, the more the surface is oxidized. 
Further, if hydrogen is passed into any sol, one would expect the surface 
oxides t o  be reduced, and in keeping, the sol immediately loses its acidoid 
properties; if oxygen is now re-introduced the acidoid properties are re- 
covered. One therefore concludes that the hexahydroxy acid is only com- 
bined when there are surface oxides present. 

The Nature of the Rest of the Surface.-As colloid reactions are funda- 
mentally surface reactions, a knowledge of the nature of the surface is 
of primary importance. It has been shown that the hexahydroxyplatinic 
acid appears to be combined a t  the surface with oxides of platinum, and 
the evidence will now be briefly summarized which indicates that the 
rest of the surface is also some form of oxidized platinum. 

Platinum sols can take up large amount of bivalent bases. Measure- 
ments show that these amounts are not only more than sufficient to neu- 
tralize the surface acid, but that they are approximately sufficient to cover 
the whole of the colloid surface with a unimolecular layer. If a stream of 
hydrogen is passed for a limited period into a pure sol, two results become 
evident, first, the acidoid properties immediately disappear, and, second, 
the sol cannot now take up any barium hydroxide a t  all. Under the action 
of the hydrogen the surface properties have thus become completely 
altered.21 If a stream of oxygen be now passed, both the acidoid properties 
and the power of removing bases are restored, although both are somewhat 
weakened. The obvious explanation of these phenomena is that the par- 
ticles of colloidal platinum, when in the presence of oxygen (or of air), 
are coated with some form of oxidized platinum which confers upon them 
their characteristic properties. The addition of hydrogen immediately 
reduces the surface oxides and hence destroys these properties. (The 
hydrogen also probably reduces some of the free hexahydroxy acid, but 
this action is relatively slow and is not allowed to become complete.) 
In  keeping with the above it is found that a sol prepared and handled in 
the presence of nitrogen takes up less base than a normal sol, i. e., one 
prepared in the presence of air. If, however, a stream of oxygen is passed 
into the former sol its power of removing bases is considerably increased. 
It therefore appears that the surface of the platinum-nitrogen sol contains 
some unoxidized platinum, which is turned into the oxide simply by pass- 
ing oxygen. 

The question might be raised as to  whether the oxygen held a t  the sur- 
face is merely physically adsorbed and not chemically combined. This is 
really of secondary importance, the major point being that i t  is the surface 

The sols containing hydrogen, although no longer acidoid, are quite stable in the 
absence of air. Such sols are at present under investigation. 
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oxygen which confers the normal properties on colloidal platinum. Now- 
ever, the indications are that definite compounds are formed. Freund- 
l i ~ h ~ ~  quotes general evidence that "oxygen appears to  be bound by plat- 
inum in the true chemical sense," e. g., platinum containing oxygen dis- 
solves in acid in proportion to its oxygen content; the temperature co- 
efficient of the fixation is positive, and oxygen cannot be pumped off a t  
ordinary temperatures. These observations were made qith platinum 
metal, and as it is well known that substances in a finely divided state, 
particularly when newly formed, are more reactive than when in the coarse 
state, the same general conclusions doubtless hold for the colloidal metal. 
In fact the author has shown that colloidal platinum particles, in the 
presence of air, take up 20 to 30 times as much barium hydroxide as an 
equal area of platinum gauze or foil. As it has been shown that bases are 
only taken up by the surface in the presence of oxygen, we must conclude 
that the colloid surface is far more reactive toward oxygen than the metal 
surface. Again the fact that ordinary platinum sols, when placed in a 
reflux condenser and in a stream of nitrogen, can be boiled for hours, is 
further evidence that the surface oxygen is particularly strongly held. 

Reactions at the Surface of Colloidal Platinum.-The simplest formula 
for a platinum sol would be of the nature 

[xPt.yPtOz-zPt(0H)s j21-. . . . . .2zH+ 

Here the P t  represents, very incompletely, the constitution of the interior 
of the particle, PtOs conveniently represents the surface oxide, and H2Pt- 
(OH)6 the surface ionogen. From all points of view the formula is incom- 
plete, but the representation of the surface is sufiiciently accurate to  serve 
as a basis for the discussion of surface reactions. In keeping with the 
Debye-Hiickel theory of the colloid as a strong ele~trolyte ,~~ the surface 
ionogen is shown as completely ionized. One might compare this formula, 
especially with regard to surface structure, with that proposed by P a ~ l i ~ ~  
for silicic acid sols, namely 

[xSiOz f nHzO.ySiO,H]~- + y H f  

Reactions at the surface fall into three distinct classes, and these will 
be discussed separately. 

First, there is the ionic replacement of the hydrogen contra ions by the 
cations of added electrolyte. Although the HZPt(OH)6 in the above formula 
is represented as wholly ionized, the hydrogen ions form an ionic atmos- 
phere around each particle, and only a small fraction can be regarded as 
actually "free." On the addition of any salt, e. g., barium chloride, some 
of the barium ions enter the ionic atmosphere, displacing the equivalent 
amount of "bound" hydrogen ion. This is the fundamental action leading 
up to coagulation and, in keeping, both the replacement and the coagula- 

22 Freundlich, Ref. 17, p. 153. 
See Pauli and Valkb, Ref. 15, p. 509. 
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tion depend upon the concentration, the valence and the specific properties 
of the cations concerned. This will be discussed in the section on "Coagu- 
lation;" it is sufficient to say here that in the case of colloidal platinum 
ionic replacement has been demonstrated with all types of salts. 

Second, the surface oxide is an acidic oxide, and by combination with 
such added electrolytes as bases, etc., it  may form either simple or complex 
salts. These-act as fresh surface ionogens, and cause an increase in the 
charge, greater stability and so on. These conclusions are based on con- 
siderable experimental evidence; for example, it may be shown with sodium 
hydroxide that a definite amount of base is removed by the colloid, and 
at  the same time cataphoretic velocity of the particle, and the r-potential, 
are increased by more than 100 per cent. The combination of the base at! 
the surface has thus produced fresh surface ionogens, and these are inter- 
preted in the nature of salts. All bases act in a similar manner. Further, 
it  may be shown that some few electrolytes, e. g., HCN, KdFe(CN)S and 
&Pt(CN)e are also removed by the colloid and at  the same time cause an 
increase in the c-potential of the colloid particles, and hence a production 
of fresh surface ionogens. This reaction is interpreted as due to the 
formation of complex salts between the surface oxide and the added elec- 
trolyte, e .  g., [PtOz. . .CN 1 -  + H+, or [PtOz. . . (CN)sPt 1" + 2Kf. In 
keeping with the acid nature of the surface oxide, it is always a complex 
anion (never cation) which is formed, and this being bound a t  the surface 
increases the negative charge of the colloid. This also serves to explain 
the combination of the hexahydroxy acid itself at  the surface, for as has 
already been pointed out this acid is bound only so long as there are 
platinum oxidation products there. 

Third, we have the possibility of hydrolytic cleavage. One of the strik- 
ing features of colloidal platinum is its great affinity for bases. As this is 
due to the acid nature of the surface, it follows that on the addition of a 
salt the ordinary partition effects would hold and the surface would claim its 
share of the base. Salts of weak acids, such as potassium acetate, contain 
a certain amount of free base by hydrolysis, and the results show that the 
platinum surface takes its share of this. Recent work, which will be 
published in detail elsewhere, shows that even with neutral salts the plati- 
num surface takes a small but important fraction of base from the salt, 
leaving free acid behind. 

The whole of the work carried out with colloidal platinum has not re- 
vealed the necessity for any further classification of surface reactions. All 
the so-called "adsorption" phenomena come under one of the above 
three headings. It is advisable to make this quite clear. I t  is generally 
accepted that adsorption compounds are Werner compounds, or a t  all 
events that they are essentially chemical at  basis. Moreover, in the case 
of electrolytes (and electrolytes only are considered in this paper) the 



Dec., 1930 COLLOIDAL PLATINUM--AN ACIDOID SOL 4629 

adsorption is polar. If the anion be oriented in toward the surface, the 
most probable and the most useful interpretation is the formation of a 
complex anion as described in the second case above. Now, the surface 
is essentially acidic, and whilst the formation of complex anions with the 
surface acid oxide (e .  g., [ P t a .  . . GN J- + Kf)  is exceedingly probable, 
combination of the acidic oxide with cations (e. g., [PtOz. . K]+ + CN--) 
is exceedingly improbable. In  keeping with this conclusion there is no 
experimental evidence that the distinctly acidoid sol, colloidal platinum, 
ever combines with a cation. Whenever cations are removed from solu- 
tion and found a t  the surface, the action can always be traced either to  
ionic replacement or, to a lesser extent, to hydrolytic cleavage. 

The reversal of sign experienced by colloidal platinum when ferric chlo- 
ride or aluminum chloride is added, is generally interpreted as due t o  the 
adsorption of the cation a t  the surface. This explanation is not in keeping 
with the conclusions above, and in a paper which will appear shortly 
i t  will be shown that experiments with colloidal platinum demonstrate 
that the cation is not the reversing agent. Reversal is due t o  the reac- 
tion a t  the surface of the initial products of hydrolysis, probably the 
basic chloride, and the surface compound formed is of the nature 

+ 2C1-. When excess of this is formed, the sol 

changes sign and becomes positive. 

Coagulation 

(a) Coagulation by Acids.-With acids such as hydrochloric, nitric, 
sulfuric and acetic, the evidence shows that there are no surface re- 
actions beyond the attenuation of the hydrogen ionic atmosphere, due to 
the increase in the hydrogen-ion concentration of the solution. This is 
based largely upon three facts, (a) none of the added acid is taken up by 
the colloid, (b) the decrease in the {-potential is proportional t o  the square 
root of the acid concentration, and (c) acids coagulate a t  a fixed PH.'~ 
With acids which react a t  the surface, e. g., hydrocyanic, the production 
of fresh ionogens exercises a stabilizing action which is opposed to the 
depression of the ionization due to the increase in the hydrogen-ion con- 
centration of the solution. Such acids show a maximum in the c-concen- 
tration curve, and coagulate a t  a higher acidity depending on the extent 
of the surf ace action. 

(b) Coagulation by Bases.-With univalent bases, a. g.,  sodium 
hydroxide, the outstanding features are the rapid increase in the f-poten- 
tial to  a maximum, and the high coagulation concentration. These are 
obviously related and are due to the base reacting with the surface oxide 
to form fresh ionogens. The whole of the contra ions are univalent sodium 

$4 see J ,  Chem, Soc., 551 (1928). 
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ions, and the increased charge on the particles necessitates an abnormal 
increase in the sodium-ion concentration to  produce coagulation (compare 
coagulation concentrations, NaOH = 0.02 N, NaCl = 0.003 N ) .  

Bivalent bases, e. g., barium hydroxide, show some characteristic dif- 
ferences The amount of base removed is four to five times greater than 

- 0.120 in the case of univalent bases, 
the increase in the r-potential is 

- 0.100 very much less, whilst the coag- 
2 ulating concentration is very 
cd .., 2 -0.080 low. These  differences a re  
a, 
U brought out in Fig. 1. It may 
E 
i -0.060 be assumed that the barium 

hydroxide reacts a t  the surface 
-0.040 in the same way as the sodium 

hydroxide, namely, t o  form 

5 surface sa l t s  of t h e  n a t u r e  
x [PtOz. . . OIBa, but the very 
$ 8  .- small increase in the r-poten- * .- 
+8 tial, and likewise the low coag- 
Y 6 
-0 ulation concentration of the bar- 
F: 
00 ium ion, show that the surface 
U 4 
": ionization is relatively small. 
CI The well-known fact that the 

r 2  2 $ 2  $ 2  2 concentration of the coagulating 
8 8 8 ion decreases very rapidly with 

2 valence is beyond doubt inti- 2 2 ,  
Normality of base added. mately connected with the inter- 

Fig. 1.-Curve A is the titration curve of the ionic attractive forces between 
intermicellar fluid with NaOH and with Ba(0H)z. 
Curve B is the titration curve of the platinum the colloid ion and the coagulat- 
sol with NaOH. Curve C is the titration curve ing contra ions, when the va- 
of the platinum sol with Ba(0H)Z. Curves D lence of the latter is high, the 
and E are the r-concentration curves for ionic atmosphere is more con- 
Ba(OH)z and NaOH, respectively (I-potential = fined or attenuated, the colloid 
cataphoretic velocity X 187.1). charge is low and the sol is less 
stable. Accordingly small increases in the concentration of the free higher- 
valenced cations are sufficient to depress the {-potential to  the critical value. 

(c) Coagulation by Salts.-On the addition of a salt, the first step, 
and the one which ultimately leads to coagulation, is the ionic replacement 
of the hydrogen contra ions by the cation of the added salt. This has been 
well illustrated in the case of barium chloride, as the following experiment 
shows. From a comparison of the curves obtained by following the con- 
ductivity changes on the addition of barium chloride to  a platinum sol, 
and also to the intermicellar fluid, one may calculate the amount of hydro- 
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gen ion set free by exchange a t  any concentration of salt. With a sample 
of the same sol one may also follow the decrease in the t-potential for 
progressive additions of the same salt. By choosing convenient scales and 
plotting these changes on the one figure, it is found that the curves coin- 
cide (Fig, 2). Heace the changes due to ionic replacement agree step by 
step with those in the {-potential, It would thus appear that in such 
cases, the replacement of the hydrogen ion is the primary cause of the 
decrease in the {-potential and therefore in the stability of the colloid. 

O.OC005 0.0001 0.0002 0.0003 
Concn. of BaClz added. 

Fig. 2. 

For many years i t  has been the practice to explain the coagulation of 
negative sols in terms of the "adsorption of the oppositely charged ion." 
Xt would now appear that for every oppositely charged ion "adsorbed," 
a surface contra ion is set free.25 Hence the explanation in terms of the 
"adsorption of the oppositely charged ionw-an explanation which has 
been subject to rather loose usage-may be considered as having served 
its purpose. I t  should now be discarded and replaced by the more definite 
idea of ionic replacement. 

Besides the usual replacement, some salts show appreciable formation 
of surface compounds or exhibit hydrolytic cleavage. The foregoing gen- 
eralization may be extended to meet these cases. For example, with 
potassium cyanide, not only does the cyanide ion combine a t  the surface 
to form fresh ionogens but the potassium hydroxide of hydrolysis does 
likewise. Moreover, the extent of the combination increases with the 
concentration of potassium cyanide. Experiment shows that a t  low 
concentration this stabilizing action predominates and the charge in- 
creases, but a t  high concentration these are outweighed by the depression 

26 See also Linder and Picton, J. Chem. Soc., 61, 114 (1892); Whitney and Ober, 
2. physik. Chem., 39, 630 (1902); Pauli and Matula, Kolloid-Z., 21, 49 (1917); Mi- 
chaelis and Rona, Biochem. Z., 97, 57 (1919); Pauli and Schmidt, Z .  physik. Chem., 
126, 247 (1927); Rabinowitsch and Dorfmann. ibid., 131, 313 (1928); Ganguli, Phil. 
Mag., [VII] 7,317 (1929). 
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of ionization due to the increase in concentration of the free potassium 
ions and this ultimately leads to coagulation. 

The effect upon coagulation of changing the PH of an acidoid sol may 
now be generalized. If the sol be made more acid the colloid charge is 
depressed, and salt coagulation occurs a t  a lower concentration, whilst 
if the sol be made basic, fresh ionogens are formed and more salt is re- 
quired to  bring the I-potential to the critical coagulation value. 

Action of Hydrocyanic Acid on Platinum Sols.-Hydrocyanic acid has 
an extremely important poisoning action on colloidal platinum, and al- 
though the investigations in this direction are incomplete, the results so 
far obtained may be presented here. 

Experiments have been carried out to determine the effect on the cata- 
phoretic velocity of increasing additions of hydrocyanic acid. For the 
purpose the Landsteiner-Pauli apparatus was used, with the intermicellar 
fluid as the overlying liquid. From the cataphoretic velocity, the {-poten- 
tial is calculated by the usual formula.26 The results are set out in Table I 
and shown by Curve A in Fig. 3. In contradistinction to the normal 
depression shown by hydrochloric and nitric acids, we find with hydro- 
cyanic acid that there is an initial increase in the velocity of the particles, 

CIIANGE IN THE r-POTENTIAL ON THE ADDITION OF HYDROCYANIC ACID (c = 6nqu/Df i ) .  
TEMPERATURE, 18 

Concn. of HCN u X 105 c 
. . . . . -33.5 -0.063 

0.000101 -40.0 - .075 
.00024 -40.4 - ,076 
.00050 -33.8 - ,063 

and a maximum at  a concentration of approximately 0.0002 N. From the 
course of the curve it may be concluded that a t  low concentrations of 
hydrocyanic acid, the production of fresh surface ionogens and the conse- 
quent increase in charge predominate, whilst a t  higher concentrations the 
effect due to the depression of the surface ionization is the greater. We 
thus not only have a direct indication of the removal of hydrocyanic acid 
by the colloid surface, but we also have the interesting fact that the 
"poisoned" particle carries a bigger charge than normal. Now in the 
catalysis of hydrogen peroxide i t  is well known2' that sodium hydroxide 
greatly increases the catalytic velocity, whilst the author has shown (see 
Fig. 1) that the same base causes an abnormal increase in the colloid 
charge. Other results agree in pointing to  a relationship between the 
velocity of decomposition and charge carried. The nature of the inter- 
relation is unknown, but the fact that hydrocyanic acid increases the charge 

28 Debye and Hiickel, Physik. Z., 25,49 (1924). 
. * See discussion and references, Freundlich, Ref. 17, p. 489. 
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and a t  the same time poisons the catalyst, appears to the author to afford 
direct confirmation of the view that the poisoning is due to the combina- 
tion of the hydrocyanic acid with catalytically active centers a t  the colloid 
surf ace. 

Previous work with colloidal platinum has failed to give any information 
as to the amount of hydrocyanic acid combined with the surface. As 
the conductivity method has 
been used successfully by the 
au thor  t o  measure small  -60- 

amounts of surface change, g 
e .  g., ionic replacement, this 9 -50 - 

0 
sensitive method was applied y - 
to follow the changes in the 4 -35 5 
platinum sol on the addition X 

of hydrocyanic acid. For the .g 
-30 

purpose, samples of the very $ -30 
- 

Q + 
pure platinum sol and of the ._u Y 
intermicellar fluid of exactly -25 3 
the same conductivity were 8 

c8 

placed in conductivity cells - 20 % 
having su i t ab le  cell con- V) % 
stants. Increasing amounts I 15 
of hydrocyanic acid were 0 0.0001 0.0002 0.0003 0.0004 0.0005 
added and the conductivity Concentration of HCN. 

changes followed. The re- Fig. 3.-Curve A shows the change in catapho- 
suits are shown in Table 11 retic velocity with concentration (6-potential = 
and by curve B in ~ i ~ .  3. cataphoretic velocity X 187.1). Curve B shows 

the change in conductivity with concentration both 
Bearing in mind that for the platinum sol and for the intermicellar fluid. 
pairs of curves for hydro- 
chloric and nitric acids showed exact correspondence, i t  was expected that  
the platinum sol curve, owing to the removal of hydrocyanic acid would 

CHANGE IN TIIE SPECIFIC CONDUCTIVITY ON THE ADDITION OR HYDROCYANIC ACID. 
TEMPERATURE, 18 O 

Platinum sol Intermicellar fluid 
Concn. of HCN k Concn. of HCN k 

. . . .  17.36 .... 17.18 
0.000028 19.72 0.000028 18.92 

.000069 22.42 .000073 21.52 

.000125 25.83 ,000137 25.13 

.000177 28.98 ,000188 27.94 

.000277 34.62 ,000278 32 93 

.000366 39.49 ,000353 36.88 

.000448 43.89 .000449 42.01 
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lie below that of the intermicellar fluid. The opposite was found to be the 
case, for the platinum sol curve always lay above that of the comparable 
solution. Hence a t  all concentrations the decrease in conductivity due to 
the removal of hydrocyanic acid is completely overshadowed by some ac- 
tion which increases the conductivity. Two explanations of the latter 
action suggest themselves. 

First, although hydrocyanic acid is a weak electrolyte, its combination 
a t  the surface may, and probably does, result in the formation of complex 
ionogens which are strong and highly ionized.28 The increase in conductiv- 
ity could then be attributed to the ionization of these fresh surface ionogens. 
Now it  has been shown that pure platinum sols, with a cataphoretic ve- 
locity of 33.8 X cm. sec. volt cm., do not contribute any measurable 
fraction of the conductivity; i t  may safely be concluded that when the 
velocity is increased to 41 X lov5 units, the conductivity due to the par- 
ticles (and their contra ions) would still be of a negligible order of magni- 
tude. 

The second explanation, which is probably correct, is that when the 
hydrocyanic acid combines with the surface, some (or even the whole) 
of the surface hexahydroxyplatinic acid is displaced. Such replacement is 
not unusual29 and is due to a difference in affinity of the surface for the 
substances concerned. The removal of the weakly ionized hydrocyanic 
acid from solution, and its replacement by the strong acid H2Pt(OH)e, 
serves to explain the increase in conductivity found. If we assume that 
the whole of the increase, namely, 2 gemmhos30 a t  high concentration, is 
due solely to this effect, then calculation shows that for one liter of sol, 
0.000007 equivalent of H2Pt(OH)6 is replaced. This approaches the total 
amount of the hexahydroxy acid held a t  the surface as given by the barium 
chloride figures, namely, 0.000011 equivalent. Making allowance for 
hydrolytic cleavage in the latter case, i t  would appear that a t  higher con- 
centrations the hydrocyanic acid replaces the greater part (and maybe all) 
of the bound platinic acid. Such effects in the presence of other surface 
active substances, particularly sodium hydroxide, must not be overlooked. 

Until further experimental evidence is a t  hand, it is not considered ad- 
visable to present any conclusions which may be drawn connecting these 
surface actions with the catalytic phenomena. 

The author is indebted to the Trustees of the Endowment Fund of the 
Council for Scientific and Industrial Research of the Commonwealth of 
Australia for grants toward the purchase of platinum used in these in- 
vestigations. 

28 Compare the results obtained with hydrogen sulfide by Rabinowitsch and Kargin, 
2. physik. Chem., 143,21 (1929). 

29 See, for example, Warburg, Z. Physiol., 76, 331 (1911). 
30 A gemmho is a reciprocal megohm. 
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summary 
The general behavior of colloidal platinum as a typical acidoid sol is 

discussed from the point of view of more recent work. 
Experiments are quoted which show that the whole of the colloid surface 

appears to be coated with a layer of oxidized platinum. On passing hydro- 
gen the oxide layer is reduced and the acidoid properties disappear. On 
repassing oxygen or air the acidoid properties are recovered. 

The HzPt(0H)e combines with part of the surface oxide to form Werner 
compounds, which act as the stabilizing surface ionogens. 

The rest of the oxidized surface remains uncombined, but exhibits the 
properties of an acid oxide. 

All the reactions of colloidal platinum are intimately connected with 
the acidic nature of the surface. They may be divided into three classes: 
ionic replacement, complex or salt formation and hydrolytic cleavage. 

The general action of acids, bases and salts is interpreted in terms of 
these three reactions. 

It is shown that hydrocyanic acid increases the charge carried by the 
colloid particle, and at the same time appears to displace the surface hexa- 
hydroxyplatinic acid. 

THE UNIVERSITY OF ADELAIDE, SOUTH AUSTRALIA 

THE DENSITY OF WATER ADSORBED ON SILICA GEL1 

BY DWIGHT T.  EWING AND CHARLES H. SPURWAY 
RECEIVED MAY 15, 1930 PUBLISHED DECEMBER 18, 1930 

It is well known that water adsorbed on a surface of a solid has under- 
gone a thermodynamic change in state and that it is held to the surface by 
a force of great magnitude which may be expressed in terms of pressure, 
compressibility, etc. Among the early investigators to advance this idea 
were Rose12 Jungh3 and Parks4 That silica gel holds adsorbed water as 
if under a high pressure is also more recently confirmed by data on the 
heat of adsorption of water by Lamb and C~olidge,~ and Patrick and 
Grimm.= The object of this investigation was to measure by a direct 
method the volume of water adsorbed on silica gel and to determine its 
density when present in small amounts. 

1 This paper represents the thesis submitted by Charles H. Spurway to the Grad- 
uate School of the Michigan State College, in partial fulfilment of the requirements for 
the Degree of Doctor of Philosophy. 

Rose. Ann. Phys.. 73, 1 (1849). 
a Jungh. Ann. Phys. Chem.. 125,292 (1865). 
4 Parks, Phil. Mag., 4,220 (1902); 5,517 (1903). 
6 Lamb and Coolidge. THIS JOURNAL, 42, 1146 (1920). 
6 Patrick and Grimm, ibid., 43,2144 (1921). 
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Ikerman7 and one of us have measured the adsorption of helium on an 
active silica gel and i t  was found that no appreciable quantity was ad- 
sorbed until the temperature was lowered to near that of liquid oxygen. 
It seemed advisable, therefore, to use this gas as a medium for determining 
the various volumes necessary in this investigation. 

Experimental Procedure 
Apparatus.--The design of the apparatus is similar to that heretofore used for ad- 

sorption experiments. All glass parts are of pyrex glass. The form of the gel bulb A 
(Fig. 1) permits heating the gel by means of a 
cylindrical, electrical heating unit placed on 
from the top, and which could be replaced bv 
a constant temperature bath as outlined in the 
illustration. B is a calibrated gas pipet used 
for measuring and admitting known volumes 
of helium to the gel bulb. Air pressure a t  G 
and suction a t  D permit rough adjustment of 
mercury levels in the apparatus for the several 
operations. Fine adjustments of mercury levels 
for the cathetometer readings were obtained by 
means of the short rubber tubing a t  J operated 
by means of a pinchcock. For more accurate 
readings, the calibration marks on the stem of 
the gas pipet and the gel bulb are vertical 
scratches, read from the lower points, instead 
of the ordinary cross-etchings. The water was 
admitted to the gel by means of the side tube 
E, which is shown as containing a glass capsule 
of water and a soft iron rod enclosed in glass. 

Purification of the Helium.-The helium 
used in this work was furnished by the United 
States Bureau of Mines. As the experimental 
operations were conducted under conditions re- 
quiring adsorbable gases to be absent from the 

Fig. 1.-Adsorption apparatus. helium, it was necessary to purify the helium 
by removing these gases. The apparatus shown 

in Fig. 2 was designed for this purpose. A discussion of the operations performed in 
purifying the helium will also describe the uses of the different parts of the apparatus. 
After the apparatus was made ready for use, the "norite" charcoal bulbs 0 and P were 
heated to 500' by means of electrical heating units surrounding the bulbs, and the 
apparatus was evacuated through Q to activate the charcoal. The heating and evac- 
uating occupied three periods of time of six hours each. After the minimum pressure 
was held for several hours, tube Q was sealed off, charcoal bulb 0 was surrounded with 
liquid air in a Dewar flask and when the temperature equilibrium was thought to have 
been attained, helium gas was allowed to flow slowly from the tank R through 0 to 
atmospheric pressure as was shown by the barometric gage S. Tube T was then sealed 
off, the liquid air was transferred to P and the helium was passed back and forth slowly 
through P seven times. The helium was finally stored in flask U and tube V sealed off. 
During all these operations mercury stood in tube F to the upper bend. 

Ikerman, Master of Science Thesis, Michigan State College, 1927. 



Preparation of the Gel,--A sample of cotnmerckl Patrick's gel was passed over a 
2-mm. round-hole axeen and the particles held on the sereen were carefully sorted. 
saving only the clear, uncontaminated particles. The dark-colored, opalescent and 
chalky particles were discarded. After sorting the gel, it was carefully dusted by rolling 
it on a piece of black velvet cloth. 

Filling the Wafer Capsule.-EspeciaUy purified water was used from which the 
air and other gases had been removed by heating and evacuating. A piece of glass 
tubing of suitable size was drawn to a capillary in the middle section and weighed. The 
capsule end was then tilled nearly fu l l  with the water and evacuated for several 
minutes to the vapor pressure of water a t  the operating temperature. Maintaining the 
pressure, the top was sealed off a t  the capillary, the whole reweighed and the weight 
of the water determined. 

Temperature Control of Constant Temperature Bath.-This temperature control 
was effected by means of a 25watt electric light bulb, operating against a stream of cool 
air bubbled through the water of the bath to 
obtain circulation of the water, and connected G Q 
through a relay to a thermo-regulator set to 
maintain a temperature of 25.020 * 0.004O as 
measured by a Beckmann thermometer. F 

Barometer.-The atmospheric pressure read- 
ings were obtained from a barometer made from 
heat-treated evacuated pyrex tubing and filled 
with p d e d  and evacuated mercury. Filling 
the tube with mercury was accomplished by 
breaking off the lower end of the evacuated tube 
under the mercury. After continuing the evacu- 
ation for some time to the lowest pressure obtain- 
able and with further heat treatment of the upper 
end of the tube, the barometer was sealed off from 
the apparatus and attached to the apparatus rack 
near the manometer. 

Pressure Readings.-All of the pressure 
readings were made with a cathetometer cali- Fig. 2.--Apparatus for purification of 
brated to read to 0.05 mm. The mercury column helium. 
of the manometer was always forced upward to 
the mark, and the mercury columns of both the manometer and barometer were care- 
fully equilibrated before reading them. 

Operation of Apparatus.-The minimum pressure obtained in the cool apparatus, 
and for all of the determinations requiring low pressure, was of the order 1 by lov6 mm. 

The silica gel, prepared as previously described, was admitted to the gel bulb 
through the bulb stem before sealing to the apparatus. After sealing the gel bulb con- 
taining the gel to the apparatus, the gel was heated to 250" and evacuated for several 
hours, the water tube E not being attached to the apparatus. When a satisfactory low 
pressure was obtained, the mercury trap M was closed and the mercury raised to N. 
Helium was then drawn from the storage flask into the gas pipet B and the volume 
measured in cc. a t  25.02O and 760 mm. The helium was then admitted to the gel bulb, 
pressure readings were taken on i t  a t  certain intexvals of time, and the volume not occu- 
pied by dry gel was determined under equilibrium conditions after several days. This 
volume subtracted from the volume of the gel bulb, determined by helium in the same 
manner, gives the volume of the dry gel. In the next step the mercury was drawn out of 
the manometer, and the water tube E, containing a known weight of water, was at- 
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tached to the gel bulb stem below the calibration mark. Heat was again applied to  the 
gel (250 "), the gel evacuated to low pressure t o  remove the helium previously used, and 
the mercury elevated to fill the manometer up to the water tube inlet. The water cap- 
sule was then broken by raising the iron weight by means of an electromagnet and re- 
leasing i t  to fall on the capillary end of the water capsule. On breaking the water cap- 
sule, the water vapor was drawn rapidly into the gel, requiring about two hours for the 
largest quantity of water used (2.5667 g.) t o  disappear from the water tube, but the gel 
was allowed to stand for one day before further operations, in order to  attain better 
equilibrium conditions. After sealing off the  water tube close t o  the gel bulb stem, 
another volume of helium was then admitted t o  the gel bulb and the volume not occupied 
b y  gel and water was determined. From these results the volume and density of water 
adsorbed on the gel were calculated. The weight of the dry, evacuated gel was deter- 
mined by  sealing off the gel bulb under low pressure and making the requisite weighings. 

TABLE I 
PRESSURE READINGS OF HELIUM IN THE GEL BULB 

Time, Press. on helium in gel Press. on helium in gel bulb with 
days bulb alone, mm. dry gel, mm. 

1 2 3 

Time, Press. on helium in gel bulb with gel and different amounts of adsorbed water, mm. 
days 2.5667 g. 2.1095 g. 1.6867 g. 0 6357 g. 0.4017 g. 

1 524.70 532.60 513.10 
2 543.90 532.55 516.55 
3 544.00 524.10 532.70 512.55 516.35 
4 543.90 524.00 532.65 512.30 
5 543.85 512.15 
6 543.55 512.05 
7 512.10 
8 
9 543.00 

10 543.05 
11 543.00 516.30 
13 516.25 

TABLE I1 
VOLUME OF GEL BULB AND VOLUME OF DRY GEL 

All volumes calculated in cc. a t  25.02O and 760 mm. 
Vol of Equil. press., Vol of Vol. of He Vol of 

He taken, cc. mm. gel bulb, cc. in gel bulb, cc. dry gel, cc. 

68.850 749.35 69.826 
a 34.325 500.25 52.147 17.679 
b 34.498 502.70 52.154 17.672 
c 35.044 510.70 52.150 17.676 

Average vol. of dry gel 17.676 cc. 
Wt. of dry gel 7n vacuo 38 6495 g. 
Density of dry gel 2.1866 += 0.0006 
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MEAN DENSITIES OF ADSORBED WATER 

Wt of Equil. Vol. of He Vol. of Vol. of 
ads. Vol of He press, in gel gel and ads. Density of 

water, R. taken, cc. mm. bulb, cc. water, cc. water, cc ads. water 

Discussion 

The accuracy of the results depends on the correlation of equilibrium 
conditions of the several pressure determinations. In order to  meet these 
conditions as nearly as possible, the pressure readings were taken until 
the daily change in pressure was small, in most cases 0.05 mm. 

An interesting phenomenon was observed when the largest quantity of 
water was admitted to the gel. Immediately on breaking the water cap- 
sule, the water vapor was drawn into the gel with sufficient force to  raise 
the iron weight (9.245 g.) and hold it against the top of the water tube until 
the water was nearly all in the gel. In some cases the water froze in the 
water tube. On adsorbing the first quantity of water vapor, the gel became 
warm a t  the top and the heat, passing downward through the gel, could be 
traced with the hand. Only a few minutes were required for the heat to  
become distributed throughout the gel. From this heat effect i t  is con- 
cluded that the water vapor was evenly distributed over the gel surface. 

There is a close correlation between the density values for the 1.6867 g.  
and 0.6357 g. of adsorbed water, indicating one phase of water on the gel. 
The density value for the smallest quantity of water used is somewhat 
lower, probably because of the greater experimental error due to  the small 
volume. The mean density values for the two larger quantities of adsorbed 
water are less than the density of liquid water a t  the operating temperature, 
indicating the presence of three water phases: compressed water, liquid 
water and water vapor. This water vapor, however, exerts only a low 
vapor pressure; hence, all three forms of water are held on the gel under 
pressure. A sudden break occurs in the mean density curve (Fig. 3) a t  a 
point near the value for 1.6867 g. of adsorbed water. 

No measurable vapor pressure was shown on the manometer by the 
three smallest quantities of adsorbed water, but the two larger quantities 
gave a vapor pressure of 4 mm. each. The calculated volume of water 
vapor in the gel bulb corresponding to this pressure, however, was not 
significant in these determinations. These vapor pressure measurements 
show that the vapor pressure of the adsorbed water is very low. 

By a calculation based upon the volume of the adsorbed water in the 
runs where the silica gel contained 1.6867 g. or 0.6357 g. of water, and a 
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correlation of Bridgman's compressibility data ("International Critical 
Tables," Vol. 111, p. 40), it is shown that in these cases the pressure on the 
adsorbed water is of the magnitude of 750 atmospheres. 

TABLE I V  

ERRORS 
Mean density 0.5408 0.8305 1.0285 1.0270 (1.0195) 
Exptl. errors * .0005 * .0017 *0.0031 *0.0083 1.0.0129 
H e  ads. errors - .0027 - .0065 - .0099 - .0099 - .0102 

The greatest probable error in these determinations was in reading the 
barometer and manometer and was calculated to be +0.025 mm. on each 
reading or * 0.05 mm. on both in case the error was positive on one read- 
ing and negative on the other. Applying this error to the data, the values 

1 2 3 4 5 6 7 
Percentage of adsorbed water on silica gel. 

Fig. 3.-Mean density curve. 

given as experimental errors in Table IV were obtained. The possible error 
due to the absorption of helium in the water was calculated from the data 
of Lannung8 assuming that the water adsorbed on the silica gel absorbed 
helium to the same extent as does liquid water. This assumption is im- 
probable, however, especially where the water is held under great pressure. 

A noticeable drift occurs in the pressure readings with time (Table I), 
varying from 0.05 mm. with 1.6867 g. of water on the gel to 1.05 mm. 
both with dry gel and 0.6357 g. of adsorbed water. As this drift also occurs 
with helium only in the gel bulb, i t  must be due chiefly to adsorption of 
1,elium on the inner walls of the gel bulb or absorption of helium in the 

Lannung. THIS JOURNAL, 52,68-80 (1930). 
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mercury exposed to  the helium. Provided this drift was caused by adsorp- 
tion of helium on the gel bulb only, it should be nearly the same in all 
cases as the gel bulb was heated and evacuated each time before admitting 
the helium. The differences in this drift may be caused partly by mercury 
surfaces in the manometer containing more or less absorbed helium when 
exposed to the helium in the gel bulb. In the three determinations of 
volume of dry gel made before the admissions of 1.6867 g., 0.6357 g. and 
0.4017 g. of water, the variations from the mean were only 4-3 and 
-4 parts in 17,676, although the drifts in the pressure readings were 1.05 
mm., 0.25 mm. and 0.85 mm., respectively. The computations were made, 
therefore, on the basis of the volumes determined directly with helium, 
using the lowest pressure readings, and considering that a stable pressure 
equilibrium was reached in each case. 

Summary 
Values were obtained for the density of water adsorbed on silica gel by 

volume measurements using a gas dilatometer with helium as the inactive 
gas. For small quantities of water up to 4.36% these measurements 
showed that the density of water adsorbed on silica gel a t  25.02O is 
greater than the density of liquid water a t  the same temperature. 

EAST LANSING, MICHIGAN 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE UNIVERSITY OF CALIFORNIA] 

THE THERMODYNAMIC PROPERTIES OF MOLTEN 
SOLUTIONS OF LEAD CHLORIDE IN LEAD BROMIDE 

The investigation described in this paper represents a continuation of the 
plan begun several years ago in this Laboratory by Hildebrand and Ruhlel 
of studying the thermodynamic properties of fused salt solutions. There 
were two disturbing factors involved in that investigation, first, the sys- 
tem studied, solutions of lead chloride with potassium chloride, was some- 
what complex, as indicated by the existence of several solid compounds; 
second, the chlorine electrode was produced by polarization, a procedure 
that did not guarantee its reversibility. In the present investigation a 
system has been selected, lead bromide with lead chloride, which, accord- 
ing to M~nbmeyer ,~  shows no evidence of compound formation in the 
solid state. The freezing point varies linearly with the composition, 
indicating a continuous series of solid solutions. The second compli- 
cation mentioned above has been avoided by our success in constructing 
a reversible bromine electrode suitable for use under these conditions. 

1 Hildebrand and Ruhle, THIS JOURNAL, 49,722 (1927). 
2 K. Monkmeyer, Neues Jahrbuch. 22, 1 (1906). 
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Further interest attaches to this system because Professor W. C. Bray3 

made a suggestion in 1908 that the freezing points of this system should 
offer an opportunity to determine the extent of ionization. Unfortu- 
nately the existence of solid solutions invalidates any simple conclusion 
from the freezing points and makes desirable the use of some other measure 
of partial molal free energy. Since the completion of our investigation 
there have appeared measurements of the partial vapor pressures of this 
system carried out by Jellinek and Bolubow~ki.~ These will be referred 
to later. 

Experimental Part ' 

A. Materials and Apparatus.-The lead chloride was from commercial sources of 
high purity. The lead bromide was prepared by precipitation from ammonium bromide 

and lead acetate solutions in 0.001 N hydro- 
bromic acid. The precipitate was washed re- 
peatedly by decantation with a dilute solution 
of the acid, and dried by suction on a filter. It 
was then boiled in the acid solution, cooled, 
washed again by decantation, dried by suction 
and twice again subjected to this procedure. 
Tests then showed i t  to be free from ammonium 
salts. I t  was finally dried in a furnace a t  130" 
for over twelve hours. Hydrogen bromide gas 

t - was prepared directly from its elements by pass- 
ing hydrogen and bromine over a heated catalyst 
of platinized asbestos. The hydrogen used was 
especially prepared in this Laboratory by the 
electrolysis of water. It was freed from oxygen 
by passing it over a hot nickel catalyst, and from 
water by passing, first, through a sulfuric acid 
drying tower, and finally over phosphorus pent- 
oxide. The bromine used in the preparation of 
hydrogen bromide was freed from chlorine and 
water by standing over powdered anhydrous 
calcium bromide and then twice distilled from 
calcium bromide. The bromine used for the 
electrode in the cell was generated by electrolysis 
of molten lead bromide. The hydrogen chloride 
gas was produced by dropping concentrated sul- 
furic acid on pure concentrated hydrochloric acid, 

Fig. 1.-Cell container. and was dried by bubbling through a tower con- 
taining concentrated sulfuric acid. The molten 

lead used as an electrode was prepared by electrolysis of pure molten lead bromide. 
The cell containers were made of pyrex glass of cylindrical form, 2-3 cm. in diameter 

and about 30 cm. long, as shown in Fig. 1. Tungsten wires with copper leads were 

a Cf. Lewis and Randall, "Thermodynamics and the Free Energy of Chemical 
Substances," McGraw-Hill Book Co., Inc., New York, 1923, p. 219; see also Goodwin 
and Kalmus, Phys. Rev., 28 , l  (1909); W.  C. Bray, Z. physik. Chem., 80,251 (1919). 

Jellinek and Bolubowski, Z .  physik. Chem., Abt. A, 147,461 (1930). 
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sealed into the tube, E, so as to  make contact with the molten lead, G. The positive 
electrode, D, was a graphite rod 6-10 mm. in diameter, its size depending on the number 
of heat treatments i t  had undergone. These rods were sealed into the cells by means of 
platinum wire leads, A. Tube C served as an inlet for bromine vapor. The large open 
tube was first used as an opening for charging the cell with salt and metal, after which it 
was sealed onto a bromine trap, to serve as an exit for bromine. The bromine generator, 
made of pyrex glass and having positive and negative poles, respectively, of graphite 
and tungsten wire, was larger than this cell, but similar in construction. 

The thermostat consisted of a large electrical resistance pot furnace of high heat 
capacity and well insulated. The thermostat bath was a mixture of molten lead and 
tin. An efficient mechanical stirrer kept the bath at  a uniform temperature. The pot 
and stirring fan were of cast iron, and were protected from the solvent action of the bath 
by several coats of "Insa-lute" cement. 

The temperature was measured by two platinum-platinum-rhodium thermocouples, 
standardized by the U. S, Bureau of Standards. During the course of the investigation 
the thermocouples were repeatedly checked against each other and were found accurate 
to within 0.5". All electromotive force measurements were made on a Leeds-Northrup 
type K potentiometer. 

B. Method of Procedure.-The graphite rods used as electrodes in the cell and 
generator were first treated for about twenty-four hours with bromine gas under several 
atmospheres' pressure a t  600'. They were then heated in the oxygen flame to a bright 
yellow heat until no more fumes were evolved, and allowed to cool in an atmosphere of 
bromine. These rods were used over and over again, but with each new cell or generator 
the glowing and cooling process was repeated. The only observed difference between 
graphite rods thus treated and those untreated was that in the former case equilibrium 
was reached in from one to two hours, while otherwise eighteen to twenty hours were 
required. 

The generator was charged with pure lead bromide and placed in a small cylindrical 
electrical resistance furnace kept a t  about 450". The cells were first charged with pure 
lead in sufficient amounts to cover completely the sealed-in tungsten wires. Weighed 
amounts of lead chloride and lead bromide were then added, and the cell was lowered 
into the thermostat bath and sealed in series with the bromine generator. All connec- 
tions were of glass only. Stopcocks, where they could not be dispensed with, were 
lubricated with concentrated sulfuric acid, since bromine attacked the various greases 
tried, causing them to harden. No openings to the air were permitted except in the bro- 
mine exit tube, where a trap of liquid bromine was inserted. 

The lead bromide in the generator, and also in the cell, when it contained lead bro- 
mide only, was freed from moisture, oxides and hydrolysis products occasioned by the 
filling and sealing up process by bubbling dry hydrogen bromide gas through the melt 
for an hour and forty minutes. Without such treatment, the fluctuations in e. m. f .  
were quite marked. Equilibrium was reached in from one to two hours. Prior to taking 
each reading, the thermostat was kept constant within one or two degrees for sufficient 
time to insure constant e. m. f .  Each cell was in this way measured a t  twenty- or thirty- 
degree intervals over the whole temperature range several times. Ascending and de- 
scending series were in complete agreement. 

The ceIls containing solutions of lead bromide and lead chloride were 
cleaned out with hydrogen chloride gas instead of with hydrogen bromide, 
since the reaction 

PbCll + 2HBr = PbBrz + 2HC1 

was hund  experimentally to proceed almost quantitatively as written. 
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Using the free energy of formation of lead bromide given in this paper, 
the free energy value of lead chloride, given by Wachter and Hildebrand 
in a paper shortly to appear as -58,720 cal., and the free energy equa- 
tions for the formation of hydrogen chloride and hydrogen bromide gas 

for HCl, AF = -21,870 + 0.45 T In - 0.000025 T" - 5.31 T 
for HBr, AF = -11,970 + 0.45 T In T - 0.000025 T" - 5.74 T 

as given by Lewis and RandallI6 we have calculated the free energy change 
of this reaction to be -8050 cal. at  500°. That the reverse reaction is 
negligible in effect was proved by passing hydrogen chloride gas through 
the cell for thirty minutes, then measuring the e. m. f. over a range of tem- 
peratures, again passing in hydrogen chloride for thirty minutes and again 
determining the e. m. f.-temperature curve. No difference was observed 
in the two sets of readings. 

To test the effect of polarization on the e. m. f. of the pure lead bromide, 
the cell was electrolyzed by a current of 0.1 to 0.15 ampere for one hour 
without shutting off the bromine stream from the generator. After such 
polarization, no change in the readings of the cell was observed. How- 
ever, when an electrolyzing current of 2 to 3 amperes was used, the e. m. f. 
immediately after electrolysis was from two to three centivolts higher, 
thus being more in accord with the results of Lorenz and Czepinski," 
obtained by a polarization method. 

The cells used involved a thermoelectric effect. To correct for this, 
cells were made up, identical with those used with molten salts with the 
exception that the contact between tungsten and graphite was in this 
case made by a platinum wire instead of molten salts. The e. m. f. of 
these cells, placed in the thermostat in the same position as the other 
cells, was measured over a temperature range, using two types of graphite 
rods, some treated as previously described, and others untreated. These 
gave identical and very reproducible e. m. f.'s. 

Since it was hoped that lattice energy considerations would prove use- 
ful in interpreting the experimental results, density determinations were 
made by a pycnometer method, using pyrex bulbs of about 15-cc. capacity 
and having a capillary stem of 3 mm. The problem of filling these bulbs 
with the molten salts made a smaller capillary impracticable. The data 
of Peters and Cragoe7 indicate that the coefficient of expansion for pyrex 
glass can be satisfactorily applied up to a temperature of 500'. 

Experimental Results 
Measurements for this system are given in Table I and plotted in Fig. 2. 

Lewis and Randall, Ref. 3. 
6 Lorenz, "Die Elektrolyse geschmolzener Salze," Dritte Teil, p. 207, "Elektro- 

motorische Krafte," Knappe, Halle a.S., 1906. 
Peters and Cragoe, Bur. of Stand. Sci. Papers, 16,449-487 (1920). 
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TABLE I 
Pb/PbBr2, PbCls/Brz 
E. m. f. Mole E. m. f. 

observed, fraction observed, 
Temp., O C .  volts of PbBr2 Temp., ' C .  volts 

Three cells were run for pure lead bromide, cell A containing a graphite 
electrode treated as above described and cells B and C with untreated 
graphite rods. Each was run over the whole temperature range of 450 
to 580°. In no case was a deviation from a straight line observed in ex- 
cess of 0.5 millivolt, and the average deviation was less than 0.2 milli- 
volt. The cells containing solutions of lead bromide with lead chloride 
were found to give equally accurate and reproducible results. The cells 
containing pure lead bromide yield the relation that A F  = -69270 + 
28t over the range studied. 

The values of Lorenz and Czepinski for the e. m. f. of pure lead bromide 
obtained by polarization deviate from their smoothed out curve by as 
much as 5 to 6 millivolts. The curve chosen by them to smooth out 
their results is about 0.024 volt higher than ours at 450' and 0.030 volt 
higher at  550'. However, since they carried out their experiments in 
open vessels and, as far as we can determine, made no effort to  eliminate 
impurities due to oxidation and hydrolysis, we can readily understand 
why their figures should differ considerably from those herein given. 

To determine whether we were actually dealing with a reversible electro- 
motive force, and one which is in accord with the assumed cell reaction, 
we studied the effect of pressure changes on the e. rn. f. of the cell. The 
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bromine passing through the cell was allowed to escape against a reduced 
external pressure. Table I1 gives the results. It will be seen that the 
observed e. m. f.s agree to 0.2 millivolt or better with those calculated 

Volts. 
Fig. 2.-Temperature, e. m. f .  and composition relations of the 

cells Pb/PbBrz, PbCl$/Brz. Mole fraction of lead bromide in A, 
B and C is 1.000, D is 0.800, E is 0.600, F is 0.500 and G is 0.450. 

by the aid of the usual formula. We may therefore claim a high degree 
of accuracy for this electrode. 

TABLE I1 
THE EFFECT OF PRESSURE UPON THE BROMINE ELECTRODE IN THE LEAD BROMIDE CELL 

Pressure, cm. of mercury 74.96 60.04 43.80 55.21 60.8 
Temperature, "C. 443.3 438.6 442.3 443.3 441.7 
E (obs.) 1.0671 1.0634 1.0511 1.0576 1.0609 
E (calcd.) 1.0671 1.0632 1.0510 1.0576 1.0611 

I t  was found that when the concentration of lead chloride in the molten 
solution reached a mole fraction of 0.6, the reaction 

PbClz + Brz = PbBrz + Clz 

first became noticeable by a gradual falling off in the e. m. f. of the cell 
if observed over a period of twenty-four hours. Subtracting the free 
energy of formation of lead chloride from its elements, -58,720 cal. a t  
500°, from that for the formation of lead bromide from its elements herein 
given, we arrive at +11,090 cal. as the free energy change of this reac- 
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tion when each substance is a t  unit activity. Using this value and assum- 
ing that the activities of the salts are proportional to thek mole fractions, 
we have calculated the partial pressure of chlorine a t  0.6 mole fraction 
lead chloride to be less than 0.002 atmosphere at  equilibrium. This 
small pressure might be considered negligible were it not for the fact that 
chlorine is constantly being swept out as fast as formed by the bromine 
stream passing through the cell. That the above reaction does not occur 
appreciably at  lower concentrations of lead chloride is shown by the fact 
that no falling off in the e. m. f. with time is discernible, even though 
alloived to run for several days. In view of the above considerations, 
we do not give any measurements upon cells containing lead chloride 
above 0.55 mole fraction. 

In order to determine how the molal volumes of the solutions vary in 
going from pure lead bromide to pure lead chloride, density determina- 
tions were made of the pure salts and solutions of them. The results 
are given in Table 111. The density value given for lead chloride in Table 
111 at 500' was obtained by extrapolation of the molal volumes-compo- 
sition curve, since the salt freezes at  501". Extrapolating the density 
values obtained by Lorenz, Frei and  jab^,^ we obtain 4.897 for lead chloride 
at  507" and 5.45 for lead bromide at  600° compared to our measured 
values of 4.879 and 5.4735, respectively. Since we have extrapolated 
the values of these investigators below the region for which they were 
given as valid, the agreement is quite satisfactory. 

TABLE I11 
RELATIONS BETWEEN COMPOSITION, DENSITY AND MOLAL VOLUMES OF LEAD BROMIDE- 

LEAD CHLORIDE SOLUTIONS AT 500' 
Mole fraction lead bromide 1.000 0.800 0.600 0.500 0.450 0.200 0.000 
Density of soh.  5.4735 5.381 5.2537 5.2013 5.1219 5.027 4.887 

(extrapolated) 
Obs. volume of 1 mole of soln. 67.05 64.86 63.01 61.92 61.335 58.70 56.75 

in cc. (extrapolated) 
Calcd. on basis of additivity 67.05 64.97 62.91 61.88 61.34 58.79 56.75 

Discussion of Results 
To show the effects of both temperature and composition upon the thermo- 

dynamic properties of the salt solution we have proceeded as follows. 
The plot shown in Fig. 2 was made upon a large scale and the values of 
the e. m. f., E, determined for each solution at the temperatures 450, 500 
and 550'. Using then the relation AFI = -23,070 NE, where N is the 
number of equivalents per mole, here 2, we calculate AF~, the free energy 
of formation of lead bromide in calories, from molten lead and bromine 
vapor a t  1 atmosphere. This varies with the mole fraction of PbBrz. 
NI, and we will write A F ~ "  to denote pure lead bromide. The partial 

8 Lorenz, Frei and Jabs, Phil. Trans. Royal Society, 7,468 (1908). 



4648 E. J. SALSTROM AND J. H. HILDEBRAND Vol. 52 

molal free energy of lead bromide in a solution, FI, is then FI = AFI - A F ~  O. 

The entropy of formation, Asl, is given in calories per degree by Asl = 
23,070 N dE/dT, and the partial molal entropy Sl = As1 - Aslo. The 
heat of formation is  AH^ = AFI + T A S ~  and the partial molal heat El = 
 AH^ - A H ~ O .  The actlvity of lead bromide in its solutions, al, taking 
pure lead bromide as the standard state, is calculated by the relation 
F1 = RT In al. By dividing the activity by the mole fraction of lead 
bromide, the activity coefficient, y, is obtained. 

The values so calculated are given in Table IV, and in Fig. 3 are shown, 
in Curve A, the values of -Fl a t  500' plotted against log (~ /NI) ,  where 
NI is the mole fraction of lead bromide. In order to see how these values 
agree with simple assumptions regarding ionization, we will assume, 
first, that both salts are un-ionized, and that the activity of lead bromide 
is proportional to its mole fraction. This gives curve B, Fig. 3, much 
lower than the observed. This corresponds to a negative deviation from 
Raoult's law, i. e., the activity is less than the simple mole fraction. This 
can be seen quite clearly by comparing the values of a1 in the table with 
the corresponding values of NI. This result does not accord with the 
measurements of Jellinek and Bol~bowski,~ who found Raoult's law 
obeyed by the vapor pressures a t  temperatures from 660 to 780'. We 
are at  a loss to explain the discrepancy, as neither the difference in the 
temperature range nor departure of the vapors from the gas laws would 
seem to be sufficient to account for it. 

TABLE IV 
ENERGY RELATIONS OF LEAD BROMIDE, WHEN DILUTED WITH LEAD CHLORIDE 

NI 1.000 0.800 0.600 0.500 0.450 
dE/dT X 106 (volts/deg.) -607 -580 - 548 -544 - 542 
As1 (cal./deg.) -28.01 -26.77 -25.29 -25.10 -25.01 

(cal./deg.) 0 1.24 2.72 2.93. 3.00 
450 O, E (volts) 1.0624 1.0736 1.0866 1.0959 1.1038 
450°, AFI (cal.) -49030 -49540 -50140 -50570 -50940 
450 ", 6 (cal.) 0 -510 -1110 -1540 -1910 
450°, AHI (cal.) -69280 -68890 -68420 -68720 -69020 
450 O, (cal.) 0 4-390 -I-860 4- 560 4-260 
450°, a, 1 ,000 0.698 0.460 0.341 0.265 
450°, y 1.000 ,873 .766 .682 .588 
500°, E (volts) 1.0321 1.0447 1.0593 1.0687 1.0768 
500°, Apl (cal.) -47630 -48210 -48880 -49320 -49690 
500°, & (~al.)  0 -580 -1250 -1690 -2060 
WOO, a1 1.000 0.685 0.442 0.333 0.261 
500°, 7 1.000 .856 .737 .667 ,581 
550 O, E (volts) 1.0017 1.0156 1.0318 1.0415 1.0496 
550'. AFI (cal.) -46230 -46870 -47620 -48060 -48440 
550°, % (cal.) 0 -640 -1390 -1830 -2210 
550", al 1.000 0.676 0.428 0.326 0.259 
550e, Y 1 . 000 .845 .713 ,652 .576 
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If we assume, secotld, that both salts sue completely ionized, but that  
the partial substitution of bromide by chloride ion can be made without 
changing any of the interionic forces (an assumption which is obviously 
incorrect) then, if we take nl moles of PbBrz to moles of PbC12, we get 
nl + nz moles of Pb++, 2 nl moles of Br- and 2 nz moles of C1-. The 
activity of Pb++ would then be constant, unity; the activity of Br- 
wotild be nl/(nl + nz), the activity of PbBrz the former times the square 

0.0 0.1 0.2 0.3 0.4 
Log 1 / ~ 1 ,  lead bromide. 

Pig. 3.-Change in free energy of lead bromide a t  500" upon 
dilution with lead chloride: A, observed; B, calculated, no 
ionization; C, calculated, complete ionization. 

of the latter, or N ~ ~ .  This makes -S1 calculated upon this assumption, 
curve C in Fig. 3, just twice what i t  is on the former assumption. This 
agrees better with the observed values but is too high. We have, there- 
fore, two alternatives, either to assume partial ionization, or, what is 
obviously preferable, to attempt to take into account the change in the 
interionic forces due to the substitution of the smaller chloride ion for 
the larger bromide ion. This we will postpone to a later communication 
where we will treat a t  the same time data obtained for other systems. 

Summary 
1. A reversible and reproducible bromine electrode has been applied 

to  the study of molten salts and their solutions. 
2. Density determinations have been made on lead bromide and lead 

chloride and solutions of these a t  500'. The molal volumes of these 
solutions have been found to be additive within the limits of experimental , 

e m .  
3. The energy changes of molten lead bromide upon dilution with lead 
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chloride have been determined a t  mole fractions of lead chloride varying 
from 0 to 0.55, between the temperatures of 440 and 585'. 

4. The free energy of formation of pure molten lead bromide was 
found to be -69270 + 28t between t = 450' and t = 580'. 

5 .  The results have been discussed on the basis of simple assumptions 
regarding ionization, without taking into account the changes in interionic 
forces. 

BERKELEY, CALIFORNIA 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE UNIVERSITY OF CALIFORNIA] 

THE THERMODYNAMIC PROPERTIES OF MOLTEN 
SOLUTIONS OF LITHIUM BROMIDE IN SILVER BROMIDE 

BY E. J. SALSTROM AND J. H. HILDEBRAND 

RECEIVED JUNE 11, 1930 PUBLISHED DECEMBER 18, 1930 

The work described in this paper is a continuation of the general pro- 
gram mentioned in the preceding article of collecting data necessary for 
a general study of molten salt solutions. Solutions of lithium bromide 
in silver bromide seem well suited to this investigation because their 
freezing point curves, investigated by Sandoninni and Scarpa,' show no 
evidence of complex salt formation which might add difficulty to any 
interpretation of the results. This is likewise true of silver bromide diluted 
with sodium bromide and with potassium bromide. A study of these 
latter two systems is nok in progress in this Laboratory and when com- 
pleted will furnish information on the influence of the size of the cation 
of the diluting salt upon the activity of the solvent. 

Experimental Part 

The silver bromide was prepared by precipitation from a solution of 
silver nitrate by ammonium bromide. It was washed repeatedly by de- 
cantation with a hot 0.001 N hydrobromic acid solution until freed from 
ammonium salts, then dried by suction on a filter, and finally in an oven 
a t  130" for at least twelve hours. The lithium bromide was of high purity 
from commercial sources. It was freed from moisture by fusing the salt 
and bubbling dry hydrogen bromide gas through the melt for two hours. 
It was subsequently kept in a glass-stoppered bottle in a desiccator over 
anhydrous calcium chloride. The hydrogen bromide gas and the bromine 
used for the electrode in the cell were prepared as described in the preced- 
ing paper. 

With the following exceptions, the apparatus and experimental pro- 
cedure involved in the study of this system were essentially the same as 
those described for the lead bromide-lead chloride system. A pure silver 

Sandoninni and Scarpa, Atti. accad. Lincei, 22, 11, 517 (1913). 
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wire inserted through the glass tube E, shown in Fig. 1 in the preceding 
article, served as the negative electrode. The amounts of lithium bro- 
mide added to the cells were but roughly weighed. Air and hydrolysis 
products were removed as before with a stream of dry hydrogen bromide 
gas continued in this case for a t  least two hours. After the run, the en- 
tire content of each cell was accurately weighed and dissolved in potassium 
cyanide solution. Measured portions were analyzed electrolytically. 

Volts. 

Fig. 1.-Temperature, e. m. f. and composition relations of the 
cells Ag/AgBr, LiBr/Br2. Mole fraction of silver bromide in A 
and B is 1.0000, C is 0.5937, D is 0.4086, E is 0.2548 and F is 
0.1100. 

Since the cathode in these cells consisted of solid silver, the effect of 
any possible strains affecting its activity was investigated by polarizing 
the cell with 0.1 ampere for half an hour. The subsequent e. m. f. was 
identical with the previous one, hence at these high temperatures any 
strains such as are often found a t  room temperatures are negligible. The 
thermo-electric effect was measured as before, using in this case silver 
wire and graphite joined by a short platinum wire. 

Measurements for this system are given in Table I and plotted in Fig. 1. 
The extreme deviation of the observed values from the straight lines 

drawn through them in Fig. 1 is 0.4 millivolt, and the average deviation 
is less than 0.15 millivolt. 

Values for the e. m. f .  of pure silver bromide have been obtained by 
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577.2 
579.4 
514.9 
546.3 
549 .7 
575.3 
596.0 
562.0 
566.3 
589.5 
612.8 

E. m. f .  
observed, 

volt 

Lorenz2 by a polarization method where the molten salts were not pro- 
tected from the air, nor, as far as we can determine, were any efforts made 
to  remove oxidation and hydrolysis products. Their results deviate 
from a straight line by as much as 4 and 5 millivolts. The results chosen 
by this investigator to smooth out his results are a t  450' about 8 milli- 
volts higher than those observed by us, while a t  550' they are 6 milliv~lts 
lower. Hence, while Lorenz's values are in fair agreement with those 
herein given, the slope of his curve is very different. Due to the higher 
melting point of lithium bromide, namely ,556O, cells containing high 
mole fractions of this salt could be run only over a more limited range of 
temperatures. The experimental results were found to be reproducible 
within 0.5 millivolt. 

The effect of a variable bromine pressure on the e. m. f. of the pure 
silver bromide cell was again studied. The excellent agreement between 
the observed and calculated results is shown in Table 11. 

TABLE I1 
EFFECT OF PRESSURE ON THE BROMINE ELECTRODE IN THE SILVER BROMIDE CELL 

Pressure, cm.. . . . . . . . . . . . . . . . .  75.66 60.15 44.36 60.36 75.64 
Temperature, OC.. . . . . . . . . . . .  456.6 457.2 458.7 458.7 458.7 
E (obs.), volt.. . . . . . . . . . . . . . . .  0.7985 0.7912 0.7814 0.7909 0.7980 
E (calcd.), volt.. . . . . . . . . . . . .  .7985 .7912 .7812 ,7909 .7980 

In order to determine the volume changes involved in mixing molten 
silver bromide and lithium bromide, density determinations were made 

2 Lorenz, "Die Elektrolyse geschmolzener Salze," Dritter Teil, p. 30, "Elektro- 
motorische Krafte," Knappe, Halle a.S., 1906. 
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upon a solution containing a half mole fraction of each. The method 
consisted of weighing a previously standardized quartz cylinder filled 
with tungsten, first in air and then at  various temperatures while sus- 
pended in the solution. The measurements are shown in Table 111. 

TABLE I11 
DENSITY OF 0.5 MOLE FRACTION LIBR IN AGBR 

Temp., OC.. ........... 517.4 527.6 533.4 545.6 550.0 555 2 
Density.. ............. 4.051 4.041 4.036 4.026 4.022 (extrapolated) 4.017 

Using the density values for silver bromide obtained by Lorenz and Hoch- 
berg3 and for lithium bromide obtained by BrunnerI4 we have shown the 
densities and molal volumes at  550' in Table IV. The change in volume 
upon mixing is thus seen to be very slight. 

TABLE IV 
DENS~TIES AND MOLAL VOLUMES OF SILVER BROMIDE AND LITIIIUM BROMIDE AND THEIR 

SOLUTION AT 550° 
Composition Density Molal volume in cc. 

AgBr 5.457 34.40 
0.5 mole fraction LiBr in AgBr 4.022 34.15 (34.27 on basis of additivity) 
LiBr 2.545 34.15 

Discussion of Results 
The data for this system have been treated in a manner similar to that 

described in the preceding paper on the lead bromide-lead chloride sys- 
tem. The results are given in Table V and --Fl plotted against log (1/~1) 
in curve A, Fig. 2, where NI is the mole fraction of silver bromide. If 
we attempt to calculate 51 from ~1 as before, we find that both assump- 
tion of no ionization and of complete ionization lead to the same result, 
a1 = NI. This gives curve B, Fig. 2, much higher than the observed. 

TABLE V 
ENERGY RELATIONS OF SILVER BROMIDE WHEN DILUTED WITH LITHIUM BROMIDE 

N1 1.0000 0.5937 0.4086 02548 0.1100 
dE/dT X 106 (volts/deg.) -290 -248 - 204 - 170 - 76 
As1 (cal./deg.) - -6.69 -5.72 -4.71 -3.92 -1.75 
sl (cal. Ideg.) 0.00 0.97 1.98 2 77 4.94 
500 O, E (volt) 0.7865 0.8085 0.8202 0.8301 0.8686 
500°, A F ~  (cal.) - 18150 -18660 - 18930 -19150 -20040 
50O0, % (cal.) 0 -510 -780 -1000 -1890 
500°, AHI (4.) -23320 -23080 -22570 -22180 -21400 
500". (cal.) 0 +%(I +750 +I140 4-1920 
500°, al 1 .OOOO 0.7188 0.6030 0.5197 0.2916 
500°, r 1.000 1.211 1.477 2.040 2.651 
550 O, E (volt) 0.7720 0.7961 0.8100 0 8216 0.8648 
550 ", ARI (GAL) - 17810 - 18370 - 18690 - 18960 - 19950 

3 Lorenz and Hochberg, 2. Krist., 288 (1916). 
Brunner, J. Am. Ceram. Soc., 350 (1904). 
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550 O, & (cal.) 
550 ", al 
550 O, r 
600 ", E (volt) 
600°, AFI (cal.) 
600 ", pl (cal.) 
600 ", a1 
600 ", r 

TABLE V (Concluded) 

0 - 560 -880 -1150 -2140 
1.0000 0.7119 0,5852 0.4969 0.2703 
1.000 1.199 1.432 1.950 2.457 

0.7577 0.7836 0.7993 0.8128 0.8610 
-17480 -18080 -18440 -18750 -19870 

0 -600 -960 -1270 -2390 
1.0000 0.7088 0.5753 0.4808 0.2533 
1 ,000 1.194 1.408 1.887 2.303 

I n  other words, there is a strong positive deviation of the activity from 
Raoult's law, since ax is greater than NI. It therefore seems that, as with 
the lead bromide-lead chloride system, the change in interionic forces 
due to substitution of the smaller lithium ion for the silver ion should be 
considered. This attempt we will again postpone for a future communi- 
cation when investigations now in progress will permit a more general 
treatment. 

0.0 0.2 0.4 0.6 0.8 1 .O 
Log I/N,, silver bromide. 

Fig. 2.-Change in free energy of silver bromide a t  550" upon dilution with 
lithium bromide: A, observed; B, calculated. 

Summary 
1. The energy changes of molten silver bromide upon dilution with 

lithium bromide have been determined a t  mole fractions of lithium bro- 
mide varying from 0 to 0.89 between the temperatures of 450 to 600'. 

2. The free energy of formation of pure molten silver bromide was 
found to be given by the equation AFO = -21,510 + 6.7 t between 440 
and 575'. 



Dec., 1930 TI-IERMODYNAMIC PROPERTIES QP FUSED SALTS 4655 

3. Density determinations of 0.6 mole fraction lithium bromide in 
silver bromide were made between 517 and 555" and may be expressed 
by the equation dL = 4.504 -0.000877 t. 

4. The results have been discussed on the basis of simple assumptions 
as to ionization, but without taking into account any changes in interionic 
forces upon dilution. 

BERKELEY, CALIFORNIA 

THERMODYNAMIC PROPERTIES OF SOLUTIONS OF MOLTEN 
LEAD CHLORIDE AND ZINC CHLORIDE 

The following investigation represents a contribution to the program 
begun by Hildebrand and Ruhle' of gathering data upon free energy of 
dilution of molten salt solutions. The system selected, solutions of lead 
and zinc chlorides, seemed to be simpler than many others, for the freezing 
point-composition diagram, obtained by Herrmann,2 shows no evidence 
of solid compounds. As in the research of Hildebrand and Ruhle, we 
started with measurements of the e. m. f. of the cell Pb (liq.) 1 PbClz (liq.) I 
Clz (gas), but instead of producing the chlorine electrode by polarization, 
as in the earlier work, and as was done by Lorenz3 and co-workers for a 
number of molten chlorides, we succeeded in getting a reversible chlorine 
electrode, reproducible over a range of pressure and temperature. The 
lead chloride was then diluted with zinc chloride and the free energy of 
the dilution determined from the change of e. m. f. of the cell, a procedure 
which avoids the uncertainty of a liquid junction. 

A similar study of certain bromide systems by Salstrom and Hildebrand' 
was carried out approximately a t  the same time as this one, and the pro- 
cedure was developed more or less in common. We will therefore avoid 
needless repetition by referring the reader to the description already 
given and state here only the features peculiar to this research. 

The chlorine, the lead and zinc and their chlorides were from comme~cial 
sources of high purity, analyses of which were furnished, and were con- 
sidered by us to be free from impurities that could affect the e. m. f. Sub- 
stitution of chlorine generated by electrolysis of pure fused lead chloride 
made no appreciable difference in the results. The most serious im- 

Hildebrand and Ruhle, THIS JOURNAL, 49, 722 (1927). 
* Herrmann, 2. anorg. Chem., 71,281 (1911). 
3 Lorenz, "Die Elektrolyse geschmolzener Salze," Dritte Teil, Elektromotorische 

Krafte, Knappe, Halle a. S., 1906; 2. physik. Chem., 62,119 (1908); 63, 109 (1908); Z. 
nfzgew. Chem ,39,88 (1926). 

4 Salstrom and Hildebrand, THIS JOURNAL, 52,4650 (1930). 
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purity to be avoided was water; hence not only was the chlorine care- 
fully dried in a tower containing glass beads wet with sulfuric acid, but 
the lead and zinc chlorides were fused in dry hydrogen chloride gas before 
weighing and introduction into the cell, and the cell itself, after being 
made up, was treated with dry hydrogen chloride bubbled up through 
the molten salt for about an hour. 

Reproducible values for the cells were reached after chlorine had been 
bubbled through them for from twelve to twenty-four hours. After 
that they responded very quickly to temperature changes with no evidence 
of hysteresis. The effect of changing the pressure of the chlorine was 
studied using five different pressures from 76 to 105 crn. The changes 
in e. m. f.  so produced agreed within 0.3 millivolt with those calculated 
by aid of the usual formula. Electrolysis of the cells a t  0.25 ampere for 
two hours caused no change in e.  m. f., although a current of 3 amperes 
decreased the e. m. f. by several millivolts. 

Since the theoretical treatment of our results will ultimately require 
a knowledge of the interionic distances, we considered it desirable to meas- 
ure the densities of the two pure chlorides as well as their 50 molal per cent. 
solution. This was done by weighing a tungsten-weighted pyrex bulb 
in air, in water and in fused salt, correcting for the expansion of the bulb. 
The bulb was sharply tapped after each reading to remove any adherent 
bubbles of gas. The densities observed are given in Table I. 

100% PbClz 49.8% PbCIz, 50.2% ZnClz 100% ZnClz 
1, OC. Density 1, "C. Density 1, OC. Density 

545.3 4.872 552.5 3.703 550.7 2.401 
537.2 4.886 545.4 3.709 549.3 2.401 
535.5 4.886 535.2 3.717 524.5 2.413 
526.7 4.902 510.2 3.733 509.3 2.420 
514.4 4.924 503.2 2.422 
502.1 4.944 493.7 2.427 

485.7 2.431 

The observed values yield the following equations: for the density 
of lead chloride: dt = 4.947 - 0.00164 (t - 500); for the density of zinc 
chloride, d" 2.424 - 0.00046 (t - 500). Lorenz, Frei and Jabs,= using a 
platinum cube, obtained a density of 4.907 for pure lead chloride a t  500°, 
differing from ours by 0.04 g. per cc. The molal volumes of lead and 
zinc chlorides at 500' are, respectively, 56.22 cc. and 55.82 cc., nearly 
identical. A 50 mole per cent. solution a t  this temperature has a molal 
volume of 55.31 cc., which is 0.7 cc. less than additive. 

The results of the e. m. f .  measurements are given in Table I1 and 
plotted in Fig. 1. The values for pure lead chloride represent three dif- 

Lorenz, Frei and Jabs, 2. physik. Chem., 61,468 (1908). 
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TABLE 11 
B. an. P. IN VOLTS OF CELLS CONTAINING LEAD CHLORIDE OF VARIOUS MOLE FRACTIONS, 

N,, DILUTED WITH ZINC CHLORIDE 

t , O C .  E.ru.C, t ,  OC 1S.m.f. 1, OC, l3.m.f. t , 'C.  E.m.f .  t ,  'C. E.m.f .  
NI = 1.000 NI = 0.855 N1 0.595 NI = 0.400 NI = 0.301 

ferent cells, indicated in the figure by points of different styles. No syste- 
matic differences between these cells could be detected. The points for 
each composition, although recorded in the table in order of increasing 

1.21 1.25 1.30 
E m. f., volts. 

Fig. 1.-Temperature variation of e. m. f. of cells containing 
different mole fractions of lead chloride-zinc chloride solutions. 
Different symbols represent different cells at  mole fraction 1. 

temperature, were not obtained in this order, but some were approached 
from above and some from below. The average deviation of our points 
from the straight line of the plot is less than 0.5 mv. 

In order to be sure that there was no danger of the lead electrode re- 
placing zinc, we measured the e. m. f.  of the cell Zn (liq.) I ZnC12 (liq.) ( Clz. 
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The results are given in Table 111. They show the e. m. f.  to be suf- 
ficiently large to indicate that such displacement would not be a disturb- 
ing factor. 

TABLE 111 

E. M. F. IN VOLTS OF THE CELL Zn (LIQ.) I ZnClz (LIQ.) 1 Clz 
t, OC. 501.0 504.1 518.7 527.8 531.4 541.0 550.2 565.2 575 5 
E. m.f. 1.5721 1.5695 1.5593 1.5529 1.5498 1.5440 1.5369 1.5277 1.5199 

Our results for the pure chlorides can be compared with those obtained 
by previous workers. Lorenz and Czepin~ki,~ using a polarized electrode 
and taking no special precautions to exclude oxygen or moisture, ob- 
tained very fluctuating values, about 30 mv. less than ours for lead chloride 
and 60 mv. less for zinc chloride. Lorenz and Weber,' excluding air 
obtained values for lead chloride about 15 mv. less than ours, and Hilde- 
brand and Ruble,' taking proper precautions but using a polarized elec- 
trode, found values close to ours a t  500' but falling off considerably at 
higher temperatures, 13 mv. a t  600'. Recently Lorenz and Velde,8 em- 
ploying a procedure essentially the same as ours except that their prelimi- 
nary treatment involved electrolysis of the cells for eight days a t  0.25 
ampere, obtained figures for lead chloride agreeing with ours to within 
4 mv. For zinc chloride their values are 10 mv. less a t  500° but in good 
agreement at 600'. 

Since our main interest lies in the relation of free energy to composi- 
tion a t  constant temperature, we obtained from Fig. I ,  plotted on a large 
scale, the intersections a t  the round temperatures 500 and 600°, getting 
the values of e. m. f., E, given in Table IV, together with the values of 
dE/dT a t  the different compositions. The temperature coefficients fall 
off almost linearly with NI except for the most dilute cell, in which case 
i t  is considerably smaller. Since such a difference can hardly be real, 
i t  seems to us that the figures for this composition, ~1 = 0.301, are prob- 
ably less accurate than the others. 

Table I V  also contains the values of the entropy, Asl, and free energy 
of formation, AFI, of lead chloride, its partial molal free energy or free 
energy of dilution, &, its activity, a 1  and its activity coefficient, a l / ~ l .  

All of these have been calculated from the observed data by the usual 
formulas. We have also calculated the molal heat of formation, getting 
AHI = -81,100 cal. for the pure liquid; this varies scarcely a t  all with 
changing temperature or upon dilution with zinc chloride. 

The values for zinc chloride in Table I11 yield in a similar manner 
E = 1.5725 - 0.000695(t - 500) for the e. m. f. between 500 and 600°, 
also, a t  500°, A F ~  = -72,550 cal. and  AH^ = -97,300 cal. 

Lorenz and Czepinski, Z .  anorg. Chem., 19,208 (1899). 
Lorenz and Weber, ibid., 21,305 (1899). 
Lorenz and Velde, ibid. ,  183,90 (1929). 
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TABLE IV 
THERMODYNAMIC PROPERTIES OF LEAD CHLORIDE DILUTED WITH ZINC CHLORIDE 

NI 1.000 0.885 0.688 0.595 0.490 0.301 
dE/dT, mv./deg. -0 625 -0.615 -0.595 -0.585 -0.575 -0.515 
Aw, cal./deg. -28.9 -28.4 -27.5 -27.0 -26 6 -23.8 

500 O 

E, volts 1 2730 1.2800 1.2905 1.2990 1.3095 1.3315 
- h l ,  cal. - 58,750 59,050 59,550 59,950 60,450 61,450 
-FI, c ~ I .  0 300 800 1200 1700 2700 
a1 1.000 0.820 0.595 0.455 0.330 0.175 
~ I / N I  1 000 0 930 0 865 0.770 0.675 0.575 

600 " 
E, volts 12105 1.2185 1.2310 1.2405 1.2520 1.2800 
- AFI, cal. 55,850 56,200 56,800 57,250 57,750 59,050 - 
-PI, cal. 0 350 950 1400 1900 3200 
a1 1.000 0.835 0.580 0.445 0.335 0.155 
~ I / N I  1.000 0.945 0.840 0.750 0.685 0.515 

The general nature of the results is most clearly indicated by the values 
of U ~ / N ~ ,  which are less than unity in the solutions, corresponding to nega- 
tive deviations from Raoult's law, as found by Salstrom and Hildebrand4 

for the solutions of lead chloride with lead bromide. We find in this 
case, however, that the simple assumption of complete ionization of both 

0 0.1 0.2 0.3 0.4 0.5 0.6 
Log 1/N. 

Fig. 2.-Variation of free energy of dilution with composition. 

salts, with no change in interionic forces, does not account for the direc- 
tion of the deviation. Since the dilution with zinc chloride would, if 
both salts were completely ionized, make no change in the proportion of 
chloride ion, the only effect would be due to the substitution of lead ion 
by zinc ion, reducing the activity of the former and hence of the lead 
chloride, in proportion to N ~ ,  the same as for the case of no ionization. 
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That a mere change in the interionic forces of a completely ionized mixture 
of these salts could affect the activities of the ions would seem plausible 
only in view of the contraction on mixing amounting to a little over one 
per cent., as shown by our density determinations. We will postpone 
till later any attempt to calculate the magnitude of this effect. 

The deviation of the experimental results from the previous assump- 
tions leading to a1 = NI is illustrated graphically in Fig. 2, where -el 
is plotted against log ( ~ / N I )  for 500 and 600". In view of the equation 
B1 = RT In al, this method of plotting yields the straight lines, A, when 
a1 = NI. As a matter of fact the empirical relation A = 1.5 RT In NI, 
given by the curves B, reproduces the experimental values very well. 

An explanation of the deviations from a1 = NI might be sought in a 
difference of dissociation between the two salts. Support for this view 
is lent by the fact that the electrical conductivity of zinc chloride a t  500' 
is only one-sixteenth that of lead chloride, 0.084 mhos as compared with 
1.33 mhos. Zinc chloride shows further evidence of low polarity in its 
low melting and boiling points and in its considerable solubility in va- 
rious organic solvents. However, the most obvious difficulty in the way 
of an explanation along this line lies in the fact that we would not expect 
zinc chloride to  have so much effect in small concentrations, but rather 
that curves B would begin tangent to curves A when NI is unity. 

We will postpone a more searching treatment of this system till we 
have a t  hand data now being obtained for othe~systems, when we expect 
to make a comprehensive study of the whole subject. 

summary 
1. The free energy of the formation of liquid lead and zinc chlorides 

has been measured between 500 and 600' by measuring the e. m. f. of re- 
versible cells with metal and chlorine electrodes and fused salt electrolytes. 

2. The e. m. f. of the Pb I PbClz I C12 in this range is given in volts 
by 1.2730 - 0.000625 (t - 500), that of the corresponding zinc cell by 
1.5725 - 0.000695 (t - 500). 

3. Dilution of the lead chloride by zinc chloride yields values for e. m. f. 
from which have been calculated the free energy of dilution and the ac- 
tivity over a range of composition from 30 to 100 mole per cent. of lead 
chloride. 

4. It is pointed out that neither the assumption of no ionization or 
of complete ionization of both salts accounts for the observed values. 
Assuming the lead chloride to be ionized and the zinc chloride unionized 
accounts for the results only partially. 

5. The densities of the pure salts and their 50 mole per cent. mixture 
have been measured in order to furnish information regarding interionic 
distances as a guide to a future theoretical treatment. The density of 
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lead chloride is given by 4.947 - 0.001.64 (8 - 500), that of zinc chloride 
by 2.424 - 0.00046 (t - 500). 

BER~LEY,  CALIFO~IA 

[CONTRIBUTION FROM THE FRI- CREMIC~L LABORATORY OF PRINCICTON UNNERSETY 1 

AN ATTEMPT TO MEASURE THE VELOCITY OF DISSOCIATION 
OF NITROGEN TETROXIDE BY THE METHOD OF SOUND 

WAVES 

For some years it has been apparent that sound waves offer an oppor- 
tunity to investigate the velocity of dissociation of rapidly dissociating 
gases. The argument was at  first1 purely qualitative, it being supposed 
that when the compressions and rarefactions in the sound waves succeeded 
each other with sufficient rapidity the dissociating gas would no longer be 
able to attain equilibrium. An increased velocity of sound with increasing 
frequency was therefore to be expected when a certain critical region of 
frequency had been reached. Einstein gave this conception greater pre- 
cision in a well-known paper2 relating the velocity constant of the reaction 
to the increase in velocity of sound with increasing frequency. Since the 
velocity constants of rapid reactions are of the utmost importance for the 
kinetic interpretation of reaction velocities, Einstein's theory was soon 
tested, first by Selle3 and later by Griineisen and Goem4 Nitrogen tetrox- 
ide, which dissociates considerably in a convenient temperature range, was 
the object of study of both of these investigations. The work of Griin- 
eisen and Goens was of an extremely scholarly character, the velocity of 
sound being measured by the resonance tube method to frequencies of 15,- 
600 cycles per second from 10 to 35' and from 760 to 265 mm. pressure. 
The velocity being independent of frequency to a few tenths of a per cent. 
over this range, these authors estimated that the velocity constant of the 
reaction must exceed 10,000, a conclusion with which this communication 
is in entire accord. More recently Olson and Teeter5 in a brief note, report 
an increase of velocity at  50 kilocycles. Their results have not been con- 
firmed by this investigation. Their published data are limited, and no 
critique of their conclusion can be attempted here. I t  seems possible that 
they have underestimated their systematic error, a point of unusual im- 
portance in the calculation of the velocity constant. 

1 Keutel, "Inaug. Disser.," Berlin, 1910. 
%. Einstein, Sitzb. Berl. Akad., 380 (1920). 
8 H. Selle, 2. physik. Chem., 104, 1 (1923). 
4 E. Griineisen and E. Goens, Ann. Physik., 72, 193 (1923). 
6 A. R. Olson and C. E. Teeter, Nature, 125, 150 (1930). 
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The discovery by Pierce6 of the magneto-striction oscillator made easily 
available a far wider range of conditions, and suggested a reexamination of 
nitrogen tetroxide. The negative result obtained from this study was not 
to  be expected, and leads to certain theoretical conclusions. 

Experimental Procedure 

The apparatus employed was necessarily rather complex, and in the 
interests of space conservation no attempt will be made to describe it com- 
pletely. It naturally falls into two main divisions, the electrical circuit, 
which generated the sound waves, detected their nodal points in the gas- 
filled tube, and measured their frequencies, and the glass apparatus which 
generated and purified nitrogen tetroxide, maintained its temperature, and 
measured its pressure during the progress of the experiment. It will be 
convenient to describe the two separately. 

The magneto-striction oscillators employed followed closely the design of Pierce0 
and drove one of three one-inch nichrome rods. The frequencies of these were ap- 
proximately 10, 41.5 and 80 k. c. respectively. At the termination of an experiment 
with a given frequency the rod which had been used was heterodyned against another rod 
and the resulting beat note analyzed on a bridge closely resembling that recommended 
by Pierce. The variable inductance and capacity in this bridge were Leeds and North- 
rup calibrated precision instruments and gave the frequency of the heterodyne note to 
better than twenty cycles. Appropriate corrections for the temperature of the rods 
were, of course, applied. The rods were finally compared, by means of an intermediate 
heterodyne nichrome rod of about 45 k. c., with a calibrated quartz crystal of 47.45 k. c. 
(temperature coefficient 0.47 cycle per degree centigrade). The frequencies of the 
nichrome rods used during the experiments were therefore known with an estimated 
error of 20 cycles, or, respectively, 0.2, 0.05 and 0.03% for the 10,41.5 and 80 k. c. rods. 
The greatest error in this determination was in the calibration of the capacities and in- 
ductance of the frequency bridge, and was largely eliminated by making many readings 
with a wide range of capacities and inductance and averaging. A characteristic series 
of such measurements follows. 

TABLE I 
TYPICAL FREQUENCY DIFFERENCES AS READ FROM CAPACITY BRIDGE 

Difference in frequency in cycles yer second between fourth harmonic of 10 k. c 
rod (at 25") and 41.5 k. c. rod at 20.7 . 

1987,2021, 1978, 1987, 1984, 1953, Av. = 1985 
Corr. to 25' = 1969 

Of the glass apparatus only one piece, the observation tube, merits a detailed de- 
scription. Since nitrogen tetroxide is a highly corrosive gas it was necessary that this 
tube be constructed as far as possible of materials exceedingly resistant to oxidizing ac- 
tion. Glass and nichrome satisfy this condition and, as a glance a t  Fig. 1 will show, no 
other materials were found necessary with the exception of a single small and well- 
protected cement joint. In Fig. 1, A represents the one-inch nichrome rod balanced on a 

G. W. Pierce, Proc. Am. Acad. Sci., 63, 1 (1928). Mr. W. J. Cahill, whosework 
under Professor Pierce denlonstrated the precision of measurements made with 2.54-cm. 
magnetostriction rods in 2.54-cm. tubes, acted as advisor in the very early stages of 
this investigation. 



small asbestos support B, and fitting as tightly as possible without cramping its oscilla- 
tions the long straight *miform glass tube which constituted the observation chamber. 
The driving coils for this rod were slipped over the outside of the tube, and were inter- 
changeable with a magnetizing coil which made it possible to polarize the rod and change 
its position without opening the sealed tube at  C. At the conclusion of any experiment 
the tube was blown open a t  C ,  another rod substituted for A, and the tube resealed, thus 
making a removable joint with possible leakage, oxidizable grease, etc., entirely un- 
necessary. The gas space through which sound waves were transmitted is represented 
by the region D. E is a piston of glass tubing which fitted snugly the main tube, and 
had a polished reflecting face carefully adjusted normal to the walls of the latter. Scru- 
pulous plane-parallelism between this reflecting surface and the end of the nichrome rod 
is, of course, necessary to secure accurate measurements of the half -wave length of sound. 
The piston was sealed at  F to two lengths of glass rod which extended parallel through 
the distance of motion of the piston, and terminated in a nichrome nut G which was 
sealed to them by glass-covered tungsten wires. A loop of glass-supported nichrome rod 
H shaped to receive the parallel glass rods served to prevent irregularities in the orienta- 
tion of the polished piston face E by providing a rigid guide for the motion of the parallel 
glass rods. Motion of the piston was obtained by means of a nichrome screw which 
passed through G, and out of the tube through the asbestos-graphite packing I. A 
knurled handle, J, was rigidly attached to the screw. The side-tube K, which served 
to introduce the gas to be observed, is shown sealed as during the progress of an experi- 
ment. At L was a quartz spiral manometer which was attached to the apparatus through- 
out the experiments. and served to measure the pressures of gas in the tube to  * 1 mm. 

Fig. 1.-Glass chamber for measuring the velocity of sound in a corrosive gas. 

Nitrogen tetroxide was prepared in the usual manner by heating lead nitrate in a 
stream of oxygen. The gas was repeatedly dried by passing through phosphoric an- 
hydride tubes, and finally subjected to a vacuum distillation, being condensed a t  the 
temperature of solid carbon dioxide to rid it of any adsorbed or included permanent gases. 
It was then allowed to evaporate into the already evacuated apparatus and the puri- 
fication, pumping, etc., systems were sealed off, leaving the apparatus essentially as 
illustrated in Fig. 1. 

During an experiment the apparatus, with the exception of the quartz manometer, 
was covered with an air thermostat which maintained 25.0 3 0.1 ". The position of the 
piston was ascertained through a plate glass window by a cathetometer mounted scmpu- 
lously parallel to the axis of the piston. This gave complete independence of irregularities 
in the construction of the screw, and defined the position of the piston to 0.1 mm. The 
pressure and temperature of the gas were read at  the start and finish of the experiments, 
and a t  such intermediate points as seemed advisable. Experiments with air were made 
with dry, carbon dioxide-free air. Experiments with nitrogen tetroxide were begun a t  
atmospheric pressure, and the pressure progressively diminished by condensing out 
portions of the gas in small tubes at  K (Fig. I), which were then sealed off. This served 
the further useful purpose of indicating the presence of nitric oxide by the bluish color 
of the condensate, and of permanent gases by the slowness of the process of condensation. 
If either was found present in appreciable quantity the experiment was discontinued 
and the result discarded. 
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The half wave length of sound was determined as the difference between the position 
of the piston at two resonance points. The resonance points were determined by a 
milliammeter in the plate circuit of the amplifier of the oscillating circuit, the reflection 
of sound from the piston at  the resonance point greatly increasing the plate current. By 
suitable adjustment almost any desired magnitude of deilection could be obtained. . The 
resonance points were uniformly sharp and evenly spaced over the entire range of the 
piston stroke (some 200 rnm.) a t  pressures down to 300 mm. At 140 mm. the enormous 
increase of absorption made it impossible to examine more than some twenty or thirty 
half wave lengths. Since the regularity of spacing of the resonance peaks is a matter of 
some importance for the interpretation of the results, one series of typical measurements 
on nitrogen tetroxide is given in Table 11. 

CATHETOMETER READINGS AND HALF WAVE LENGTH VALUES IN N204 
41,633 cycles per second, 277 mm., and 25.0". Cathetometer readings made every 

10 half wave lengths. 
Mm. 670.1 646.6 623.3 599.9 576.5 553.1 529.6 506.1 482.6 
Difference 23.5 23.3 23.4 23.4 23.4 23.5 23.5 23.5 

After condensing a portion of gas and re-evaporating, the last reading, 80 half wave 
lengths from &st, was 482.7 mm. Velocity of sound = 4.163 X 104 (670.1 - 482.7) 
(2/80) = 195.2 meters per sec. 

Experimental Results 
The results of all measurements may be summarized in a series of almost 

self-explanatory tables. 

TABLE IT1 
VIZLOCITY OF SOUND IN AIR AT 25.0' AND VARIOUS FREQUENCIES AND PRESSURES 

Frequency Pressure Number of nodes Velocity 

9,916 730 8 345.6 
41,633 758 40 346.5 
41,633 152 40 346.5 
80,350 760 110 345.5 
80,350 147 20 346.1 

I n  Table 111, as in all subsequent tables, frequency is quoted in cycles per 
second, pressure in mm. of mercury, and velocity in meters per second. 
The number of nodes, or half-wave lengths, measured is also quoted, since 
this plays an obviously important part in estimating the relative accuracy 
of each particular measurement. The average value obtained from these 
figures is 346.0 meters per second and when reduced7 to 0' becomes 331.2 
meters per second, a satisfactory agreement with the most probable ab- 
solute value of 331.6 meters per second. 

Tables IV, V and VI give similar data for nitrogen tetroxide a t  different 
frequencies, and, in addition, an arbitrary number which designates the 
sample of gas which filled the tube in each particular determination. The 
temperature coefficient, used for covering temperature variations of O . l O ,  

The method of reduction and the next to most recent velocity of sound in dry 
air may be found in G. W. Pierce, Proc. Am. Acad. Arts Sci., 60,281 (1925). 
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was taken from Griineisen and Goens as 1.0 meter increase in velocity 
per degree centigrade a t  all pressures. 

PRESSURES 
Filling Pressure Number of nodes Velocity 

1 776 21 183.0 
2 761 18 183.8 
2 364 17 192.4 
2 273 17 197.0 
3 269 19 196.8 

TABLE V 
VELOCITY OF SOUND IN N I O ~  AT 41,633 
CYCLES PER SECOND. 25.0°, AND VARIOUS 

PRESSURES 
Number 

Filling Pressure of nodes Velocity 

4 763 87 183.6 
5 762 89 183.7 
5 762 89 183.7 
6 751 80 183.5 
6 49 1 80 188.8 
5 277 80 195.2 
4 274 72 195.5 
6 272 79 195.8 
4 146 20 203.6 
6 146 22 202.3 

TABLE VI 
VELOCITY OF SOUND IN NqOs AT 80.350 
CYCLES PER SECOND, 25.0°, AND VARIOUS 

PRESSURES 
Number 

Filling Pressure of nodes Velocity 

7 765 110 183.6 
8 764 150 182.5 
7 759 140 184.2 
9 759 55 184.0 

10 754 150 184.1 
11 752 100 184.0 
11 752 160 183.9 
7 487 110 189.4 
7 485 109 189.4 

12 333 128 193.5 
7 304 193 195 3 

The results given in Tables IV to VI have been represented as points in 
Fig. 2. The solid curve drawn through them defines the velocity of sound 
a t  all pressures considered to better than 0.5%, since the largest single 
deviation does not exceed this value. The figure demonstrates conclu- 
sively that, within this limit, there is no systematic change of velocity with 
frequency between 10 and 80 k. c., since the distribution of points about 
the solid curve appears perfectly random. It also should be noted that 
points measured by Griineisen and Goens show satisfactory agreement with 
the solid curve, especially since the pressure determinations for these points 
with the exception of the 760 mm. value depend on the vapor pressure 
data of nitrogen tetroxide8 and hence may be considerably in error. 

Several details call for brief comment. In the first place, it was most un- 
fortunate that measurements could not be obtained a t  140 mm. with the 
80 k. c. oscillator, since this would have doubled the significance of the 
negative result reported. This was, of course, repeatedly attempted but, 
because of the difficulty of supporting adequately the very short rod for 
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optimum oscillation conditions, because a t  such low pressures exceedingly 
little energy enters the gas from the vibrating metal, and because absorp- 
tion was most pronounced, every attempt to measure velocities a t  this fre- 
quency below 300 mm. met with failure. 

Pressure, mm. 

Fig. 2.-The velocity of sound in nitrogen tetroxide 
a t  25' and various pressures: @ represents 10 k. c .  
observations; 0, 41.5 k. c. observations; 0, 80 k. c. 
observations, and the summarized observations of 
Gruneisen and Goens; Curve 1 represents the theoretical 
velocity according to Einstein for w = o. Curve 2 for 
W = m. 

Again, although the accuracy of any determination could have been in- 
creased by measuring a larger number of half-wave lengths, i t  was found un- 
necessary to do so. An examination of a relatively small number of nodes 
was sufficient to fix the velocity of sound in any particular determination to 
about 0.05% and errors in other parts of the procedure produced greater 
deviations than this. Each determination was carried out by running the 
piston along the tube from a position as near as possible to the vibrating 
rod to the end of its stroke, the spacing and number of the peaks being 
noted. A considerable quantity of the gas was then condensed out a t  K 



(Fig. 1) and regvaporated, and the peak nearest the end stroke of the piston 
redetermined. It was always found to check the previous value within 
0.2 mm., which was the accuracy of determining a single resonance peak. 

The greatest source of error was evidently small, almost undetectable 
traces of permament gases and nitric oxide, since variations of as much as 
0.5% were observed between velocities measured with different fillings of 
the apparatus, No method of purification or evacuation was found com- 
pletely to  obviate these. 

Theoretical Discussion 

The Einstein theory permits the calculation of the velocity of sound in 
a dissociating gas a t  zero frequency, a t  infinite frequency and a t  intermedi- 
ate frequency provided the absorption coefficient is sufficiently small. For 
zero frequency the expression is 

for infinite frequency 

v w = m  = $ ( I  +:) 
and for intermediate frequencies 

where V represents the velocity of sound, w the circular frequency, P the 
pressure, p the density, R the molecular gas constant, the averaged 
specific heat a t  constant volume, K the velocity constant of dissociation, 
and A and B are abbreviation constants defined by 

D being the heat of dissociation, T the temperature and nl, nz the molecu- 
lar numbers of nitrogen tetroxide and nitrogen dioxide, respectively. 

For this calculation, therefore, a knowledge of the equilibrium constant 
of nitrogen tetroxide and its heat of dissociation, and of the specific heats 
of nitrogen dioxide and nitrogen tetroxide is necessary. The first two 
quantities were obtained from the work of B~denstein,~ the value of K being 
0.1455 and of D 12,940 cal. a t  25'. The specific heats of the gases have 
not been measured, and must be calculated on the basis of certain as- 
sumptions. I t  has therefore been assumed that c, of nitrogen dioxide 
equals that of carbon dioxide, nitrous oxide, etc., namely, 6.8 cal., whereas 
that of nitrogen tetroxide is larger by 6/2 R calories, and hence becomes - 12.75 cal. While no strong arguments for these values may be advanced, 

9 M. Bodenstein, Z. physik. Chem., 100, 68 (1922). 
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they are reasonable approximations, and even if considerably in error the 
validity of the calculation would be little affected. 

Using these values the pressurevelocity curves indicated by dotted 
lines 1 and 2 in Fig. 2 are obtained for Equations 1 and 2, respectively. It 
will be noted that dotted curve 2, which indicates the maximum effect pos- 
sible, lies far above the observed values. Dotted curve 1 agrees better 
with the experiments here reported, but does not coincide within the limit of 
experimental error. This is not surprising, since the calculated velocity is 
highly sensitive to the values chosen for the dissociation data, as is strik- 
ingly illustrated by the fact that Griineisen and Goens, using less accurate 
values for these quantities, obtain a calculated value for the velocity a t  760 
mm. which is almost 2% higher than that given on dotted curve 1. 

Griineisen and Goens, using Equation 3, and taking into account their 
probable experimental error, have estimated that a t  2 5 O  the reaction ve- 
locity constant must be larger than lo4. On the basis of the present com- 
munication this lower limit must be raised. I t  may safely be assumed that 
the probable error of the sound velocity measurements here reported does 
not exceed the maximum deviation, 0.5%, and hence the minimum ve- 
locity constants compatible with the 41.5 k. c. and 80 k. c. measurements are 
2.6 X lo4 and 5 X lo4, respectively, since a t  these two frequencies agree- 
ment is obtained within the allowed error with determinations a t  lower 
frequencies. 

It is of some interest to compare the lower limit of the velocity constant 
thus determined with the upper limit of the reaction velocity as deduced, 
on some assumption concerning the reaction mechanism, from the kinetic 
theory. It is most plausible to assume that the dissociation process be- 
longs to  the so-called "quasi-unimolecular" reaction type,I0 that, in other 
words, the activation of a nitrogen tetroxide molecule on collision is fol- 
lowed either by its decomposition or by its deactivation on another col- 
lision. Since, for the present purpose, only the upper limit of the reaction 
velocity is of interest, only the case need be considered where the mean life 
of the activated nitrogen tetroxide molecules is short compared with the 
time between inelastic collisions, and hence the rate of decomposition is 
essentially equal to the rate of activation. It will further be expedient to 
assign to  the heat of activation its lowest possible value, the heat of reac- 
tion. Unfortunately, the cross sections of the nitrogen dioxide and 
nitrogen tetroxide molecules, which must be used to calculate the total 
number of kinetic collisions 2, are unknown and experimentally inacces- 
sible. It is, therefore, necessary to assume cross sections for these mole- 
cules, and the values of dNol = dcOI = 4.2 X cm. and dNIO, = #2d3~0, 
= 5.3 X lo-* have been chosen as being least likely to be in error. 

Granting these assumptions which, although not wholly defensible, can 
'0 Lindemann, Trans. Faraday Soc., 17, 598 (1922). 
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hardly yield too low a value for the maximum dissociation velocity which is 
kinetically possible, the computation is easily made. The data employed 
may be either the measurements made a t  150 mm. and 41.5 k. C. or 250 
rnm. and 80 k. c. since the result obtained will be approximately the same for 
the two. It follows from ordinary kinetic considerations that, if only two 
degrees of freedom of the molecule participate, the velocity of decompo- 
sition a t  150 mm. and 25O wilt be 

dn1 - - dt = Ze-DIRT = 2.6 X 1027 X 2.7 x 10-10 = 7 x 1017 
molecules per cc. per sec. 

t referring, of course, to time, and the other symbols having the significance 
defined above. From the minimum value of the velocity constant K deter- 
mined by experiment a t  41.5 k. c. and 150 mm. (2.6 X lo4), it is evident 
that the rate of decomposition must be greater than Knl = 5.5 X 
molecules per cc. per second, a number far greater than that calculated 
above. It is necessary, therefore, to assume, as has been done by Polanyi, 
Hinshelwood, and others for several reactions, that more than two degrees of 
freedom participate in the activation process. Since the total number of 
internal degrees of freedom of the nitrogen tetroxide molecule is twelve, 
the maximum possible rate of activation and reaction is givenll approxi- 
mately by 

dnl - - = Ze-DIRT 0" = 1.1 X loz5 moles per cc. per sec. 
at ll! 

this value is not greatly in excess of the experimental value, which indicates 
that the activation of nitrogen tetroxide must involve a large number of 
degrees of freedom, and hence be very similar in character to the decompo- 
sition of nitrogen pentoxide. 

A comparison may also be made between the rate of association of nitro- 
gen dioxide molecules-which, in the case under consideration, must be 
larger than 1.1 X molecules per cc. per see.-and the number of triple 
collisions. The second quantity is easily estimated, using the approxima- 
tion that the number of triple collisions is related to the number of all col- 
lisions as the molecular diameter to the mean free path, and may thus be 
assigned the value 2 X 

As a result of this calculation it may be stated with some confidence that 
the maximum theoretical velocity of decomposition and the number of 
triple collisions have values close to that calculated from the minimum ve- 
locity constant defined experimentally. The discrepancy between the two 
is sficiently small to suggest a t  first sight the desirability of performing 
further measurements a t  higher frequencies and lower pressures in an at- 
tempt to discover whether or not the kinetic theory of reaction velocity 
may be applied to  the process with ordinary molecular dimensions, or 

" K. F. Herzfeld "Kinetische Theorie der W h e "  Braunschweig. 1925. 
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whether larger effective cross sections must be postulated. More critically 
examined, such an extension of these measurements appears much less 
promising, owing to the greatly increased absorption of sound in nitrogen 
tetroxide at low pressures. 

A few rough determinations of the absorption of sound were made in the 
course of the experimental work described above by noting the magnitude 
of change in plate current a t  succeeding nodal points. It cannot, of course, 
be claimed that this is a method of precision, but since no data of the kind 

have been published for nitro- 
180 gen tetroxide, and since an as- 

sumption concerning absorp- 
; 160 
a .- tion appears in the theory of 

& 140 Einstein, a brief summary of 

2 these observations will be set 
$ 120 down here. Figure 3 repre- 
P sents a typical series of meas- 
$ 100 
cd urements, in this case those 
vl 
2 80 corresponding to  the deter- 
aJ 
a mination reported in detail in 
$ 60 Table  11. A l ine  drawn 
5 .- 40 

through these points has a 
2 clearly exponent ia l  form, 

20 which may be expressed ap- 

0 
proximately by the empirical 

81 71 $1 5'1 61 3'1 21 11 ' 
Distance from rod in half wave lengths. I = I, e-hN 

Fig. 3.-Absorption of sound in nitrogen tetrox- where I and 1, represent in- 
ide as illustrated by diminution in plate current tensities, h an absorption coef- 
a t  resonance points with increasing distance of ficient and N the number of 
reflector from vibrating rod. 41.5 k. c., 25.0°, half wave lengths between I, 
277 mm. 

and I. The values for h best 
fitting the curves a t  various pressures are given in Table VII. 

TABLE VII 
ABSORPTION COEFFICIENTS IN NITROGEN TETROXIDE AT VARIOUS PRESSURES AND 

FREQUENCIES 

Mm. pressure 760 400 150 

10 k. c. . . . 0.06 0.24 
41.5 k. c. 0.02 .06 . . . 
80 k. c. .03 .05 0.20 

It appears, therefore, that in nitrogen tetroxide the absorption of sound 
increases extremely rapidly below 400 mm. pressure, although, as is to be 
expected if the dissociation is far more rapid than the frequency, i t  is not 
noticeably dependent on frequency. similar measurementswith air showed 
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no significant change in Iz with pressure. The bearing of Table VII on 
further experiment is immediately apparent. Not only does the increased 
absorption a t  lower pressures very greatly diminish the accuracy of experi- 
ments by decreasing the number of half wave lengths which niay be ex- 
amined, but below 140 mm. the absorption becomes so great that  i t  is 
likely that Einstein's reasoning would no longer apply. At increased fre- 
quencies i t  seems highly probable that absorption ~ o u l d  set in a t  higher 
pressures, since Pierce6 observed a t  200 k. c. in carbon dioxide, a similar but 
non-dissociating gas, an absorption about a hundred times as great as that 
in air. 

Measurements of this character are nevertheless being undertaken by one 
of us. It seems further advisable to investigate other dissociating gases and 
vapors in less accessible regions of temperature, for it is by no means cer- 
tain that the behavior of nitrogen tetroxide is typical of all such dissocia- 
tion processes. 

Summary 
1. The velocity of sound a t  25' in nitrogen tetroxide has been investi- 

gated from 10 to 80 k. c., and from 760 to 140 mm., and has been found to  be 
independent of frequency. 

2. I t  has been calculated that the minimum velocity constant defined 
by these experiments is not far from the maximum possible velocity con- 
stant deduced from the kinetic theory of gases. 

3. The bearing of this conclusion on the kinetic theory of reaction ve- 
locity is discussed. 

PRINCETON, NEW JERSEY 

PARAMAGNETISM INDEPENDENT OF THE TEMPERATURE 
AND THE EXISTENCE OF ELECTRONIC ISOMERS IN 

POLYATOMIC IONS 

It has been almost universally believed that the phenomenon of para- 
magnetism owes its origin to the motion of the unbalanced electrons in 
the stationary states of molecules. Employing the model of such mo- 
lecular magnets Langevinl was very successful in accounting for the 
magnetic behavior of many substances, not only in the gaseous state where 
interaction between the moleci~les is slight, but also in the crystalline 
state and in solution. He was led to Curie's law, which states that  the 
paramagnetic susceptibility is inversely proportional to the absolute tem- 
perature. Many substances, however, display a somewhat more com- 

Langevin, Ann. chim. phys., [8 ]  5,70 (1905). 
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plicated behavior and require an arbitrary constant to describe their 
deviation from Curie's law.2 

A number of substances have been found to have susceptibility quite 
independent of the temperature. Their paramagnetic susceptibility is 
small, usually of the same order of magnitude as the diamagnetic suscepti- 
bility. Indeed, such constant susceptibility may well be a general phe- 
nomenon experimentally inseparable from the diamagnetic susceptibility, 
since the latter is also independent of the temperature and in paramagnetic 
substances it may constitute part of the deviations from Curie's law. 
Only one type of substance exhibiting constant paramagnetism has been 
investigated here. It consists of a molecular ion in which a metallic con- 
stituent is surrounded with just the number of electrons which suggest 
a very balanced and symmetrical arrangement. One would, of course, 
expect such an ion to be diamagnetic. It was the aim in this investi- 
gation to observe by precise measurements to what degree the paramagne- 
tism of such ions was independent of the temperature and to correlate 
their magnetism with the results of the quantum mechanics. 

Previous Work and its Relation to the Present Investigation.-Man- 
ganese in permanganate ion, Mn04-, is in its maximum valence of +7, 
and i t  would normally be expected to resemble argon and be diamagnetic, 
since the latter has all its electrons mutually balan~ed.~ Ishiwara4 meas- 
ured the specific susceptibility of potassium permanganate over a range 
of temperatures and found it to be 0.179 a t  103'K., 0.175 a t  294'K., 
0.175 a t  36S°K. and 0.179 a t  435'K. 

Similarly, chromium in dichromate ion, CrzO7-, is in its maximum 
valence of +6. The susceptibility of this ion was found to be constant 
by Weiss and Collet6 in solution from 14 to 50' within 1 X and by 
Collet6 in the solid state from 12 to 90' to within 0.1 X 

There are analogous ions such as UOz++, WOh, VOI-, etc., which one 
would predict to behave similarly. 

There is another type of ion manifesting constant paramagnetism, 
A generalized Curie's law known as Weiss' law, X (T + A) = C, is often obeyed; 

X is susceptibility, T, absolute temperature, A an empirical constant and C is Curie's 
constant. 

Kossel, Ann. Physik, 49,229 (1916), first observed that the paramagnetic suscep- 
tibility of many ions depends only on the number of unbalanced electrons in the valence 
shell. For example, bivalent vanadium, V++, has three unbalanced electrons and it has 
three Bohr magnetons (Freed, THIS JOURNAL, 49, 2456 (1927)), VO+ (V+++) has two 
unbalanced electrons and it has two Bohr magnetons. VOf+ (Vf+++) has one un- 
balanced electron, as potassium has, and it possesses one Bohr magneton. VOI- 
(V6+) has no unbalanced electrons, like argon, and hence would presumably be dia- 
magnetic. 

* Ishiwara, Science Reports, T6hoku Imp. Univ., Series I, 3, 303 (1914). 
Weiss and Collet, Compt. rend., 178, 2146 (1924). 
Collet, ibid., 181, 1057 (1925). 
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which has some resemblance to  the ions just mentioned, namely, the co- 
baltamniines6 and similar complex ions, and the ferrocyanide ion. The 
number of electrons surrounding cobalt in the cobaltammines is 36. The 
same number surrounds iron in ferrocyanide ion. Argon has the same 
number of electrons7 and these, of course, balance completely and form 
a diamagnetic system. 

Experimental Method 

It was found that the method of Freeds for measuring susceptibilities 
a t  low temperatures would justify the use of a more sensitive balance 
than the one he employed. In the present work the apparatus was 
equipped with a Sartorius micro-balance having a capacity of 20 g. and 
a sensitivity under ideal conditions of *0.001 mg, Under the condi- 
tions of the experimentation a sensitivity of about *0.007 mg. was reached 
but the reproducibility was reduced to * 0.01 mg. or + 0.02 mg. by the 
fluctuations in the current exciting the magnet. 

In short, the method consists in employing the use of the Gouy method 
at low temperatures in such a way that the tube containing the substance 
to be measured is in a regular stream of hydrogen a t  known temperatures. 
The hydrogen is cooled by liquid air, for example, boiling under atmos- 
pheric pressure, or to obtain lower temperatures, under reduced pressure. 
The stream of hydrogen gas is not connected with the vacuum pump and 
the tube swings just as freely a t  all temperatures as if i t  were suspended 
in air under atmospheric pressure. The balance can thus be manipulated 
as under normal conditions. 

Materials and Experimental Results,-The chemical substances which 
were utilized in this work were analyzed for iron by the sensitive thio- 
cyanate method and also for any other paramagnetic impurities that 
were likely to be present. Most careful attention was given to the possible 
presence of the metals of the ions in less than their maximum valence, 
for example U4+ in UOz++, Cr+++ in Crz07-, etc. These are all para- 
magnetic and their undetected presence in appreciable concentration 
would have been disastrous. For this purpose, we observed colorimetri- 
cally the effect of adding permanganate solution drop by drop. This 
procedure was impossible in the case of dichromate due to its intense 
color. To avoid this, recrystallized potassium dichromate of great purity 
was measured magnetically and its susceptibility was found to increase 
slightly as the temperature was reduced. The same material was then 
recrystallized in the cold, that is by pumping off the water from a saturated 
solution a t  room temperature and distilling it into a liquid-air trap. The 
resulting dichromate crystals showed no temperature coefficient in the 

7 Welo and Baudisch, Nature, 116, 606 (1925). 
8 Freed, THIS JOURNAL, 52, 2702 (1930). 
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susceptibility. Perhaps it may be stated that the original paramagnetic 
contamination was so small that it would not have been detected by the 
previous investigators. 

The susceptibility of uranyl ion decreased a t  first as the temperature 
was lowered, but increased again a t  lower temperatures. However, when 
the presence of iron was corrected for, the susceptibility continued to de- 
crease steadily. If other undetected paramagnetic impurities had been 
present, the true susceptibility of UOz++ would be decreasing more rapidly 
with decreasing temperature than appeared to be the case. 

The sodium tungstate, NazW04.2Hz0, was exceptionally free of impuri- 
ties. It was recrystallized once. 

The computation of the partial molal susceptibilities was made by assum- 
ing that the susceptibilities of the constituents were additive. 

THE SUSCEPTIBILITIES OF UOZ++ 

Temp., O K .  x:. U O Z S O I . ~ H ~ O  XLOI~ uoa+ + 

293.2 -0.0232 57.03 
116.3 - .0212 56.28 
90.8 - .0203 55.98 
69.8 - .0228 53.97 

' Uncorrected for ferric ion present. Corrected for iron (2 X lo-' g. per g. salt). 

The second column is the susceptibility per gram of the salt UOzS04.- 
3Hz0, which is effectually the difference between the susceptibilities of 
the paramagnetic and diamagnetic constituents. The partial molal sus- 
ceptibility of UOz++ can be ascertained with a greater percentage accuracy 
than this difference is known, provided the magnitudes of the diamagnetic 
susceptibilities are assumed to be without appreciable error. Such an 
assumption is justified, perhaps, in the case of liquid water. (The sus- 
ceptibility of ice is a trifle less but is not known with the same accuracy.) 
12.96 X lov6 per mole was taken as its susceptibility. However, the 
molal susceptibility of SO*' is only very approximate and should be re- 
determined. The value of -37.00 X per mole was arbitrarily 
adopted for it. This value is correct to within about 3%. We cannot 
then insist upon the absolute magnitudes in the third column. The 
variation with the temperature is known with far greater accuracy than 
the values of the susceptibilities themselves. It was, of course, these 
variations with which this research was primarily concerned. The repro- 
ducibility in the measurements was such that a change in the suscepti- 
bility per gram of 0.0005 X could be definitely established. Such 
a sensitivity corresponds to a change of 0.06 X per mole. 

Greater precision than this in terms of actual effects on the balance 
was obtained in the measurements of sodium tungstate. However, the 



pull was so great, about 10 mg. (it was only from 0.8 mg. to 1.7 mg. with 
UOzS04*3N20), that slight fluctuations in the current brortght the repro- 
ducibility to k0.02 mg. The susceptibility was measured a t  296.S0K., 
115.2'K. and 86.4OK. and was found to be constant. 0 1  a total 
of thirty-six points only two deviated from the smooth curve of pulls 
against amperes by 0.03 mg. and one by 0.04 mg. The susceptibility 
per gram of the salt was found to be -0.1958 X and the suscepti- 
bility per mole of WO1' becomes +5.93 X 10e6. A change of 0.0005 X 

per gram or 0.08 X per mole would have been observed easily. 
The value of - 10.4 X 10-"as taken as the susceptibility of one mole 
of Na+.9 

Finer reproducibility was attained with CrzO,". The purified po- 
tassium dichromate was measured a t  293.6'K., 169.g°K., 114.0°K. 
and 84.3'K. and found to be constant. The measured values fell upon 
a smooth curve within *0.01 mg. Of the thirty-six points only one 
deviated by more than this, and i t  deviated by 0.03 mg. 

Another series of determinations was made to obtain the absolute sus- 
ceptibility. It was suspected that the balance might have been jarred 
slightly since the previous calibration had been made. However, this 
series agreed with the first within 0.02 mg. The susceptibility per gram 
was found to be +0.0962 X Employing the value of - 16.9 X 10" 
as the molal susceptibility of K+9, the susceptibility of one mole of Crz07- 
i s  62.1 X 10-< A change of 0.1 X 10" per mole would have been ob- 
servable. 

Discussion of Results 
The existence of fluorescence from uranyl ion, UOz++, shows clearly 

the existence of an unusual freedom from interaction with external sys- 
tems. Otherwise, the high density of matter in thermal agitation in the 
crystal would have quenched the fluorescence. The independence of the 
dichromate ions from one another is further confirmed in the identical sus- 
ceptibility which dichromate ion has in solution and in the solid state. In  
the same way, the sharpness of the absorption bands of the permanganate 
ion, Mn04-,lo indicates that its least stable electrons, that is, those to  
which one may assign the optical and paramagnetic properties of MnOa', 
are shielded from external forces. 

To a considerable degree of approximation, then, the least stable elec- 
trons of the ions we have been discussing may be regarded as localized 
near the metallic kernel of the ion and shielded from the external fields 
of the neighboring ions by the atmosphere of electronically saturated 
oxygen atoms (or ammonia, etc., in the cobaltammines or cyanide in the 
cyanides, etc.). Such a configuration immediately suggests the atomic 

Ikenmeyer, Ann. Physik, [ 5 ]  1,169 (1929). 
10 Hagenbach and Percy. ~ e i v .  Chim. Acta. 5, 454 (1922). 
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ions of the rare earths whose kernels contain the unbalanced electrons. 
These, too, are shielded from external forces by electronically saturated 
shells, that is, by electronic shells which are completely filled. 

The ions of the rare earths conform very closely in their magnetic 
behavior11v8 with that expected from independent ions. Indeed, their 
magnetic susceptibilities can be calculated accurately from considerations 
employed in the quantum theory of atoms (atomic ions.) Correspondingly 
we shall attempt to correlate the magnetic properties of the molecular 
ions, such as UOz++, Wok=, CrzOr, MnOr-, etc., with the quantum 
theory of molecules. 

Van Vleck12 in a series of important papers on susceptibility from the 
point of view of the quantum mechanics arrived a t  the following formula 

N Z'ojm, j'm' I M(ajm; oj'm') ( e -W(b j ) /kT  

= 3 k ~  Zujm e- W(cj) /kT (1) 

I M(ujm; o'j'm') / 
j 7 ' '  ( ' 1  Y ( o ;  u ~ )  e -  w ( B ) / ~ T  

+ Z  zujm e-  w ( + ) / ~ T  (2) 

where x is the susceptibility per mole, k is Boltzmann's constant, T is the 
absolute temperature, ajm are indices or quantum numbers of the mole- 
cule in a stationary energy state, a is an index corresponding to quan- 
tum numbers whose change is associated with an energy W (a), large 
compared with KT (in the present case we may identify it with electronic 
quantum numbers), j corresponds to quantum numbers whose change 
implies energies small compared to KT (in this case the rotational quan- 
tum number, m, corresponds to quantum numbers whose change is asso- 
ciated with energies small compared with KT, in this case, magnetic quan- 
tum numbers), v (a; a') is the absorption frequency corresponding to a 
transition from the state a to a' (it is practically equal to  v (ajm; j'mf--, 
since the change in a is associated with a greater energy difference than is 
brought about by the change in the other quantum numbers), elm is the 
charge divided by the mass of the electron, N is Avogadro's number, 
h is Planck's constant, c is the velocity of light and Z r 2  is the average of 
the square of the radii of the electronic orbits summed over all the elec- 
trons. 

I M(ajm; aj'm') 1 is the square of the absolute magnitude of the mag- 
netic moment generated by the electrons in the stationary electronic state 
of the molecule. (If the molecule is symmetrical as one would believe 
MnO4-, UO2++ to be, an axis of symmetry exists with respect to which 
the angular momentum of the system may be resolved. Zj'm 1 M(ajm; 

l1 Hund, Z. Physik, 33,855 (1926). 
la Van Vleck, (a) Phys. Rev., 29,727 (1927); (b) 30,31 (1927); (c) 31, 587 (1928). 



aj"m7) 1 can be visualized as the square of the magnetic moment parallel 
to this axis and Zajfm'(u # a') f &f(cTjrn; a'j'm') f as the square of the 
magnetic moment perpendicular to this axis.) Z;u'jlm'(a f a') I M(ajm; 
a'j'm') 1 is the square of a sort of average magnetic moment associated 
with the transition v ( r ;  u7). 

&f(ajm; u'j7rn') can be identified according to Van Vleck13 and others 
as resulting from the fluctuation in angular momentum between the 
nuclei and the electrons. On the average the angular momentum in a 
stationary state of such ions as UOz++ and W04- (doubtless having '2 
levels for their basic electronic states) is zero but instantaneously the 
square of the angular momentum (or magnetic moment) is not zero. The 
susceptibility arising from the magnetic moments of the stationary states 
would naturally be affected by the thermal agitation which counteracts 
the alignment induced by the magnetic field. Hence its susceptibility 
would shorn a dependence upon the temperature. The moment associ- 
ated with a fluctuation which occurs with the frequency v(u; a'), which 
is very rapid as compared with thermal collisions, would of course not 
reflect its effect on the susceptibility as a function of the temperature. 
In line (2) we do not find T as a factor in the denominator. The Boltz- 
mann factor contains the temperature, but its influence is inappreciable 
when the frequency is high. This term then becomes practically a con- 
stant. In fact, Van Vleck shows that when energy changes associated 
with j and m are small compared to energy changes associated with a, 
then form (2) reduces to 

which is independent of the temperature. Line (3) comprises the diamag- 
netic contributions to the susceptibility. This results, of course, from the 
moment induced by the magnetic field and is not present in its absence. 

As we have observed in the introduction, the ions we have been dis- 
cussing have their net electronic moments equal to zero and hence would 
normally be diamagnetic. The first term in the summation on line (1) 
is then zero. Since the measured susceptibilities are practically inde- 
pendent of the temperature, the other terms of this summation are small, 
not because the moments in the activated states are zero (such a possi- 
bility is only very slight), but because the number present in those states 
is small. This number is, of course, regulated by the Boltzmann factor, 
which is small when the energy of activation, the frequency of transition, 
is large. The form of the term shows that the contribution of these ac- 
tivated molecules to the susceptibility would tend to have but a small 
temperature coefficient over a restricted temperature range. For exam- 
ple, the number present in the activated states increases with the tem- 

l a  Ref. 12 c. p. 606. 
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perature, but on the other hand their susceptibility decreases. The bulk 
of the constant susceptibility arises from the second line, the so-called 
fluctuation term. 

Since neither the frequency of transition in these ions nor the magnetic 
moments in their activated states are yet known, we must speak only in 
more or less qualitative terms. The results show that UOz++ becomes 
less paramagnetic as the temperature is reduced (any paramagnetic im- 
purity would introduce an opposite trend). The small variation over so 
considerable a temperature range indicates that the fluctuation term is 
the predominant one, that the electronic frequency probably lies in the 
infra-red and that the number in the activated level increases more than 
linearly with the temperature. 

The constancy in the paramagnetism of WOI- implies that the fre- 
quency of transition to the first electronic level (possessing a magnetic 
moment) is probably higher than that of UO2++. It follows that the 
contribution of the "parallel" (or temperature) component is small and 
also that the fluctuation term is small since the same high frequency oc- 
curs in its denominator. The actual magnitude of the susceptibility of 
WO4- is really small. W04- is colorless and it is conceivable that the 
first electronic activation lies in the ultraviolet. Indeed, i t  may possibly 
lie in the continuum of dissociation. 

Cr207- also possesses a paramagnetism independent of the tempera- 
ture. The same reasoning applies to dichromate as to tungstate. If 
the first electronic activation corresponds to light in the visible, the fre- 
quency would be more than high enough to account for the lack of a tem- 
perature coefficient in its susceptibility. 

Mn04- measured by Ishiwara4 is the only ion of this type other than 
UOz++ whose susceptibility is known to decrease with the temperature. 
At the lowest temperature, however, he found i t  to increase again. This 
is exactly the same behavior that UOz++ apparently followed before its 
susceptibility was corrected for the presence of ferric ion. It appears 
very probable indeed that Ishiwara's potassium permanganate was slightly 
decomposed (by light, perhaps, or by some contact with organic matter, 
t o  which potassium permanganate is extremely sensitive), and as a re- 
sult the paramagnetic manganese dioxide is present. Even a minute con- 
tamination becomes significant a t  the lower temperatures as its suscepti- 
bility is constantly increasing. If this slight impurity be discounted, 
the conclusion is reached that the susceptibility of MnOr- decreases 
steadily with the temperature just as UOz++ was found to do, and the 
influences discussed in the case of UOz++ apply here also. 

In this discussion it has been assumed that the frequency u(u; a') in 
the denominator of the fluctuation term does not vary with the tempera- 
ture. This constancy is definitely not fulfilled in solids, as variations have 



been observed in the line spectra of the rare earths." However, the 
magnitude of the change is small. The fact that both Woe- and Cr207= 
display a susceptibility independent of the temperature indicates that 
the influence in ions of this nature is inappreciable. 

Summary 

The degree of dependence of the susceptibilities oi UOn+-'-, w O h  and 
Cr20,- on the temperature has been accurately studied from room tem- 
perature to that of liquid air. 

The susceptibility of UOz++ was found to decrease slightly and uni- 
formly as the temperature was reduced. I t  is pointed out from the work 
of Ishiwara4 that Mn04- behaves very probably in the same way. 

W04" and Crz07- showed no variation in their susceptibilities within 
the experimental error. The latter ranged from 0.06 X to  0.1 X 

per mole or about 0.0005 X per gram. 
Various properties of these ions are taken as evidence that the ions 

- - 

are of such a nature as to permit the application of the modern theories 
of magnetism. 

The constant paramagnetism of these ions16 is related to the results of 
Van Vleck derived from the quantum mechanics. As a consequence, 
the existence of electronic isomers in these molecular (polyatomic) ions 
is recognized. 

From this point of view, constant paramagnetism is a general phenome- 
non and is associated with the existence of activated electronic energy 
levels in molecules (or their ions) in the solid state and in solution as well 
as in the gaseous state. 

BERKELEY, CALIFORNIA 

l4 Freed and Spedding, Phys. Rev., 34, 945 (1929). 
l6 It is very probable that the constant paramagnetism exhibited by some solids 

cannot be approached in this manner. Their molecules cannot be regarded as isolated 
with sufficient approximation, and interactions characteristic of the crystal come into 
play. Magnetic oxides like CuO probably would be in this category. One would 
scarcely expect their partial molal susceptibility in solution in some diamagnetic medium 
to have the same value as in the pure solid. Such an identity in the susceptibilities ac- 
tually exists among the ions we are studying. The constant paramagnetism exhibited 
by metals seems to have found a satisfactory explanation on the assumption of an elec- 
tron gas in the metal obeying the Ferm-Dirac statistics; Pauli, Z. Physik, 41,81 (1927). 
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THE VAPOR PRESSURES OF SELENIUM TETRACHLORIDE. 
THE EXISTENCE OF SELENIUM DICHLORIDE 

Introduction 
The former studies of the physical properties of selenium tetrachloride 

have been restricted to vapor density measurements and to the determina- 
tion of its heat of formation from the elements. There is considerable lack 
of agreement between the results of the measurements of the vapor density 
made by different investigators, although in all cases the evidence for 
dissociation is fairly conclusive. Ramsay and Evans,' as a result of meas- 
urements by the method of Victor Meyer, give the degree of dissociation 
as zero at  200°, 0.19 at  210°, and 0.65 a t  350°, while Clausnizer2 finds 
complete dissociation at  the temperature (not given) a t  which he worked, 
the vapor density being just one-half that calculated from the formula 
seC14. 

The recently published results of the very interesting experiments made 
by Simons3 show definitely that the vapor density of selenium tetra- 
chloride is one-half that to be expected from the formula over the tempera- 
ture range from 200 to 600' and a t  atmospheric pressure. 

The present investigation was undertaken to determine the extent and 
nature of this reported dissociation. 

Experimental Method and Procedure 
Owing to the corrosive action of selenium tetrachloride i t  was necessary 

to carry out the necessary pressure measurements in an all-glass apparatus. 
For this purpose the substance was placed in a cylindrical pyrex bulb at  
one end of which was sealed a so-called click-gage4 also of pyrex. The gage 
was endosed in and sealed to another glass tube, the latter being con- 
nected to the barometer used for measuring the pressures necessary to 
cause the gage to click. The whole assembly, reaction bulb and gage, 
being of one piece was placed in an electric furnace. The furnace was 
equipped with a copper core and auxiliary end coils for maintaining a 

Ramsay and Evans, J. Chem. SOG., 45,62 (1884). 
Clausnizer, Liebig's Ann. Chem., 196,265 (1879). 

a Sirnons, THIS JOURNAL, 52, 3483 (1930). This article appeared after the present 
work was completed. The present results, in so far as they are concerned with the vapor 
density, are in complete agreement with those of Sirnons. The temperature range over 
which selenium dichloride exists is shorn1 by our results to be different than that sug- 
gested by him, his conclusions being based solely on observations of color changes. 

Daniels, Mathews and Williams, "~xperimental Physical Chemistry," McGraw- 
Hill Book Co., Inc., New York, 1929. 
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uniform temperature in the central region and a slightly higher one at the 
end near which the bulb of the gage rested. It was thus possible to main- 
tain the temperature of the reaction bulb constant, while that of the gage 
was kept slightly higber to prevent any condensation of solid material on it. 

The temperature range investigated lay between room temperature and 
230'. I t  was accordingly necessary first to investigate the characteristics 
of pyrex click-gages over this range. Small but definite changes in the 
pressure differences necessary to cause clicking were found a t  the higher 
temperatures, and, in fact, some gages ceased to operate after having 
reached the highest temperature. The gage eventually used suffered no 
great changes in its click constants even after repeated heating and cooling, 
the variations amounting on the average to about 2 rnm. of mercury. 

In making the measurements the temperature of the furnace was raised 
or lowered to some definite value and held there until the pressure remained 
constant. That equilibrium had been reached was established by varying 
the temperature above and below the selected one until the pressure changes 
responded to such variations. Equilibrium was approached from tempera- 
tures considerably above and below those at which measurements were made. 

For the purpose of making vapor-density measurements the initial 
quantity of solid selenium tetrachloride taken was such that a t  the higher 
temperatures it would be completely vaporized. Moreover, after complete 
vaporization, the manner in which the pressures increased with increase 
in temperature was observed in order to determine the extent of any 
dissociation of the vapor itself. Thus it was found possible to make meas- 
urements of the vapor pressures, the vapor density and the degree of 
dissociation by a rather simple experimental device. 

The accidental errors involved in the values given for the pressures 
consist of those arising from measurements of the temperature and pressure 
and do not exceed 3y0. The absolute errors due to small losses of selenium 
tetrachloride during preparation, changes in the volume of the bulb and 
gage as a result of sealing it, and to the already mentioned variations of 
the click constant of the gage, do not exceed 2y0, and most of this is to be 
ascribed to the two former causes. The accuracy of the vapor pressure 
measurements is probably greater than that of the vapor density. 

Preparation of Materials 
Great care was taken in the preparation of the selenium tetrachloride. The se- 

lenium itself was first pursed by dissolving the C. P. material in concentrated nitric 
acid, filtering, evaporating almost to dryness, dissolving in concentrated hydrochloric 
acid and then precipitating with sulfur dioxide. The precipitate was washed repeatedly 
with cold water, and then with boiling water. This process6 yields selenium free from 

6 A. A. Noyes and W. C. Bray, "Qualitative Analysis for the Rare Elements," 
The Macmillan Company, New York, 1927, p. 381; Keller, THIS JOURNAL, 19, 771 
(1897). 
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tellurium and was applied twice. The material so obtained was again dissolved in con- 
centrated nitric acid, the solution evaporated almost to  dryness, diluted to  400 cc. with 
water, filtered, and then treated with hydrazine hydrochloride. The resulting pre- 
cipitate was thoroughly washed as before and finally dried and melted, and the melt 
poured into cold water in such a way that  small spheres with diameters of 2 mm. and 
smaller were formed. This material was then dried. 

To prepare the tetrachloride a weighed amount (about 0.0200 g.) of selenium was 
placed in a small glass tube one end of which was drawn down to a long thin capillary. 
the other end being then sealed to  a drying tube containing anhydrous barium per- 
chlorate. After displacing the air with carbon dioxide, chlorine was passed through 
the  apparatus for some time, the vigor of the resulting reaction being diminished 
a t  the beginning by cooling the tube with a small lump of ice. When the reac- 
tion was almost complete it  was necessary to  heat the tube gently with the flame 
of a match in order to obtain complete conversion. Following this treatment the 
excess of chlorine was displaced with carbon dioxide. The tip of the capillary was then 
sealed, the whole assembly evacuated, and finally the tube containing the selenium 
tetrachloride sealed off. The material was almost white and was free from the lower 
chlorides. The tube containing the final product was placed in the reaction bulb, the 
bulb and gage were thoroughly evacuated, heat being applied to the bulb to  drive out any 
adsorbed water, and finally the reaction bulb was sealed. The tube containing the tetra- 
chloride was broken by shaking the reaction bulb. 

The vapor of selenium tetrachloride has an intense orange color and a t  pressures of 
about one-fifth atmosphere a few diffuse absorption bands in the green region were 
observed. 

For the experiments in which an excess of chlorine was present the procedure was 
a s  follows. A weighed amount of selenium in a small evacuated tube was placed in the 
reaction bulb and the latter carefully dried by heating and passing a stream of dried 
air through it. Dried chlorine was next passed through the bulb until the air had been 
swept out, after which the bulb was closed by sealing it, and the tube containing the 
selenium broken as before. The chlorine remaining was that  in excess of the amount 
necessary to  convert the selenium to the tetrachloride and was determined in advance 
by the amount of selenium taken. 

Experimental Results and Discussion 

TABLE I 
VAPOR PRESSURES OF SOLID SELENIUM TETRACHLORIDE 

Temperature, OC. Pressure, mm. Temperature, "C. Pressure, mm. 

109 11.3 157 157.8 
120 23.9 161 203.4 
129.5 40.0 163.6 235.8 
131 42.6 170.5 310.6 
140 65.5 171 317.7 
149 111.1 175.5 389.6 
150 117.4 180.5 482.0 

In Table I are presented the final values for the vapor pressures of selen- 
ium tetrachloride. In Table I1 are given the values of the pressures after 
all the solid had been converted to the vapor, together with the pressures 
calculated on the assumption that the vapor consists of SeC14. All pressures 
are expressed in millimeters of mercury. 
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RESULTS OF PRESSURE-TEMPERATURE' EXPERIMENTS ON THE VAPOK FROM SELENIUM 

TETRACHLORIDE 

Volume ol reaction bulb and gage, 27.3 cc. 
Wt. of selenium taken to prepare SeC14, 0.0188 g. 
Wt. of Se calculated frnln gas law, assuming completc. dissociation, 0.0185 g. 
Wt. of Se calculated from slope of P-T curve, assuming complete dissociation, 0.0188 g. 

Press. Presqure (calcd.) for Ratio of obsd. to 
Temp., 'C. (ol~sd ), mm. normal SeClr vapor, mm. czalcd press. 

189.2 489 6 250.7 1.95 
191. 5 495.3 251.9 1.97 
199 502.2 256.0 1.96 
199 5 502.6 256 2 1 96 
208 612.1 260 9 1.96 
209 5 513 4 261.7 1.96 
215 520.1 264.7 1 .Y6 
223 526.6 269.0 1 98 
226 533.5 270.6 1.96 

The observed pressures given in Table 11 are, within the limits of the 
experimental errors involved, twice those calculated on the assumption 
that the vapor consists of SeC14. Moreover, the vapor obeys the simple 
gas law over the range where no solid is present. I t  may be concluded, 
therefore, that the selenium tetrachloride is, a t  these temperatures, com- 
pletely dissociated in such a way that one molecule of i t  gives rise t o  two. 

The vapor pressures of the solid increase very rapidly with the tempera- 
ture. It was found that over the range of temperatures where the solid 
phase was present, the graph of logloPo plotted against the reciprocal of 
the absolute temperatures was a straight line. This fact indicates that  the 
tetrachloride vapor is completely dissociated even a t  the lowest tempera- 
tures investigated. 

There are three possible reactions that would be in accord with the results 
found experimentally, viz. 

SeCL (s) = Se (s) + 2C12 (g) (1) 
2SeC4 (s) = SezCl~ (g) + 3Clz (g) (2) 
See14 (s) = SeC4 ( g )  f C12 (g) (3) 

Inasmuch as no solid or molten selenium (m. p. 217") could be observed 
either in the vapor pressure experiments or in separate experiments de- 
vised to  determine whether it were ever present, it is concluded that  Re- 
action 1 does not occur. 

If Reaction 2 or 3 takes place, chlorine should have a marked effect 
upon the vapor pressure of the solid. This was found by experiment t o  be 
the case. Indeed, i t  was found possible to establish that Reaction 3 is the 
correct one. If Po is the vapor pressure of the solid a t  a given temperature 
in the absence of excess of chlorine, and if complete dissociation takes 
place, then the equilibrium constants for Reactions 2 and 3 a t  the tempera- 
ture in question are given by 
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27 1 
K = 256 - P: (4) and K = - 4 pi (5) 

If excess of chlorine is present a t  the pressure p and if the total pressure 
is po, then for Reactions 2 and 3, respectively 

P: = (Po - P)(Po + P) (7) 

Applying Equations 6 and 7 to the results of the experiments in which 
excess of chlorine is present, the vapor pressure of the solid in the absence 
of excess of chlorine may be calculated. In Table 111 are given the results 
of such experiments together with the calculated and observed values of 
Po. All pressures are expressed in mm. of mercury. 

TEmp., Total 
C. press., mm. 

146 365.5 
151 374.6 
156 395.7 
161 413.9 
166 449.7 
171 489.0 
176 548.9 

Press. excess 
chlorine, mm. 

346.0 
350.0 
354.0 
358.0 
362.0 
366.0 
370.0 

PO (obs j Po (calcd.) 
of SeClr, mm. Eq. 7, mm. 

95.9 117.8 
123.2 133.5 
157.4 176.8 
203.4 207.9 
252.4 267.3 
317.7 324.3 
396.5 405 6 

Po (calcd.) 
Eq. 6, mm. 

215.8 
232.4 
274.2 
303.4 
357.6 
409.3 
483.0 

The results show that chlorine does have an effect on the vapor 
pressure of the tetrachloride, and that its magnitude corresponds to that 
demanded by Reaction 3, as may be seen by comparing the last three 
columns of Table 111. It is, therefore, concluded that over the range of 
temperatures investigated the vapor phase consists of selenium dichloride 
and chlorine. 

Thermochemical Results 

The vapor pressures of selenium tetrachloride in equilibrium with the 
solid may be represented by the following formula6 

where P is expressed in millimeters of mercury and T is the absolute 
temperature. 

The value of the heat of Reaction 3 is then 

SeC14 (s) = SeClZ (g) + Clz (8) AH = 35,380 cal. 

The formula is set up so as to conform with the usage adopted by the "Inter- 
national Critical Tables." 



Thomsen7 gives the heat of formation of selenium tetrachloride as 46,156 
cal. Combining this with the above we find 

Se (s) + Clz ( g )  = &CIS (g) AH = -10,780 cal. 

I t  may be remarked that, if Reaction 1 or 2 be assumed as true, the cal- 
culated values for the heats of formation of SeCle or SezCb differ greatly 
from the experimentally found values of Thomsen. 

Stability of Selenium Dichloride 

Attempts made heretofore to prepare selenium dichloride from equivalent 
amounts of the two elements have always met with failure, the resulting 
product consisting of a mixture of the solid tetrachloride and liquid mono- 
chloride. In analogy with sulfur and tellurium, the dichloride of selenium 
would be expected to exist, and its tendency to decompose with the forma- 
tion of the tetrachloride and monochloride under normal conditions has 
doubtless prevented its previous detection. From the results of the in- 
vestigation described in this paper the vapor form appears to be fairly 
stable. It is also possible that the vapor above liquid selenium mono- 
chloride consists, in part, at  least, of the dichloride, since a considerable 
residue of elementary selenium always results after distillation. More- 
over, the reported vapor density measurements on the monochloride show 
that there is no increase in the number of molecules on evaporation, even 
though a residue of elementary selenium is left behind. These facts 
would be in agreement with the assumption that the vapor consists of the 
dichloride. 

Summary 

The vapor pressures of selenium tetrachloride have been measured both 
in the presence and absence of excess of chlorine. From these results and 
the results of vapor density measurements it has been shown that over the 

' 

range of temperatures from 109 to 226O the vapor consists entirely of 
selenium dichloride and chlorine. 

The vapor pressures of the solid may be computed from the following 
formula where P is expressed in millimeters of mercury and T is the abso- 
lute temperature. 

0.05223 X 73.990 + 11.2040 log,Z = - T 

The heat change accompanying the decomposition of solid selenium 
tetrachloride into the gaseous dichloride and chlorine is AH = 35,380 cal. 
The heat of formation of gaseous selenium dichloride was found to be 
AH = - 10,780 cal. 

PASADENA, CALIFORNIA 

J. Thomsen, "Thermochem. Untersuchungen," Leipzig, 1882-1886; Abegg, Auer- 
bach and Koppel, "Handbuch der anorg. Chem.," Leipzig, 1927, IV B, Abt. I, p. 723. 
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[CONTRIBUTION FROM PWSIKALISCH-CHEMISCHES INSTITUT DER TECHNISCHEN 
HOCHSCHULE, BRESLAU] 

I. THE SPECIFIC HEATS OF THALLIUM, CALCIUM AND 
MAGNESIUM MEASURED TO 10" ABSOLUTE 

11. THE ENTROPY AND CHEMICAL CONSTANTS OF 
MAGNESIUM FROM SPECTROSCOPIC DATA 

This paper presents the results of the measurement of specific heats 
from 10 to 200' absolute, of thallium, calcium and magnesium. The 
specific heats of these metals have indeed been measured in the low-tem- 
perature range, yet in no case have they been measured to a sufficiently 
low temperature to permit a safe extrapolation to the absolute zero, which 
is necessary in the calculation of the entropy. Because of the peculiarity 
of the entropy function, the chief interest in these measurements has been 
in the region under 80 'A. The apparatus, however, was capable of render- 
ing exact results even at a temperature as high as 250 OA. 

Of special interest is a comparison between the entropy values obtained 
from calorimetric and from spectroscopic data, respectively. In order to 
make such a comparison, it is necessary to calculate the entropy of the 
substance as a gas, which requires the values for the heat of vaporization, 
and for the specific heats at higher temperatures. The heat of vapori- 
zation may be calculated from the vapor pressure curve. At the present 
time, recent measurements of these quantities make it possible to calculate 
the entropy of magnesium vapor. 

Experimental Details 
The experimental method used is essentially that of the vacuum calorimeter, in 

which the material whose specific heat is to be measured served as the calorimeter. 
The apparatus pictured in Fig. 1 was made for a previous investigation' and is capable 
of reaching a temperature of 9.4OA. The bulbs A and B are made of thin glass, bulb 
B having a double-walled construction. The space formed in the double bulb B serves 
to  hold liquid hydrogen, which is condensed by applying several atmospheres' pressure 
and cooling the outer bulb A with boiling hydrogen. The heat transfer is effected by 
2-5-mm. pressure of pure helium in the space between the two bulbs. All other gases 
are ineffective for this purpose because they are either condensed or are strongly ad- 
sorbed a t  these low temperatures, so that rapid removal by pumping is impossible.¶ 
When the space between A and B is evacuated by means of a mercury diffusion pump, 
the inner parts of the apparatus are thermally well insulated. Then if vacuum from a 
Gaede steel mercury pump and a heavy-duty oil pump in series is applied to the con- 
densed hydrogen so that it boils under 1 mm. pressure, the temperature of the hydrogen 
decreases rapidly to about 9.4'A. 

The block of material to be investigated (K) is suspended freely in a protecting 

Clusius, 2. physik. Chem., Abt. B, 3,  41 (1929). 
a Eucken, Sitz. Berl. Akad. Wiss., 682 (1914); Clusius and Harteck, Z. physik. 

Chem., 134,243 (1928). 



mantle of copper, which has a block of lead in the upper end to increase its heat capacity. 
The cable, containing the wires which carry the heating mlrrent and the connections 
to the resistance thermometer, is made of four silk-covered copper wires 0.1 mm. in 
diameter. The cable, after being wound with thread, was boiled in a mixture of beeswax 
and resin. No disturbing gases are evolved under vacuum from a cable prepared in this 
way. To prevent any heat conduction to the block from the out- 
side by the copper wires, the cable is connected thermally with the 
protecting mantle by imbedding it in a trough of Wood's metal. 

In the block of metal a thread-like groove of suitable pitch 
and depth was cut to accommodate a 0.03 mm. constantan wire 
having a resistance of 500-800 ohms. Over this winding of the 
heating element was wrapped a layer of thin tissue paper, which 
served to insulate the constantan from the next winding of 0.05 mm. 
lead wire, which formed the resistance thermometer. To give good 
thermal contact between the block and the two windings, a small 
amount of lacquer was used. The quantity of lacquer, lead, con- 
stantan and paper was determined by weight and considered in the 
calculation of the specific heat of the metal. 

Before undertaking this investigation, the qualifications of the 
lead resistance thermometer were again carefully determined3 by 
comparing its resistance with that of a pure platinum wire between 
20 and 80' absolute. The measured resistance of the platinum 
wire was recalculated by Henning's  formula"^ the exact tempera- A 
ture values given by K. Onnes and T ~ y n . ~  The agreement between 
the lead and platinum thermometers is completely satisfactory con- 
sidering the difficulty of calibration in this low temperature range. 

The completely wound and lacquered block of metal was heated 
for several hours a t  150' in order to harden the lacquer and to age 
the lead wire, which is necessary for a reproducible resistance value 
at  0.0'. As can be seen from the following table, a satisfactory 
behhvior of the thermometer was obtained in every case. I t  was Fig. 1. 
calibrated in the range of liquid air by means of an oxygen vapor- 
pressure thermometer, and in the range of liquid hydrogen by the boiling point of the 
latter substance in the chamber of bulb B under a known pressure. The deviations from 
the normal wire table were limited (maximum O.lOA.) and were taken into account by 
means of the Nernst or-rule.6 

Date Resistance at 0.0' Sample 

1-15-29 277.8 ohms 1 
1-20-29 Magnesium 
1-28-29 277.7 ohms 

2-5-29 
at 100A- 1 

555.0 ohms 
2-8-29 Used a t  10°A. I Calcium 
2-9-29 555.5 ohms 

2-20-29 134.2 ohms 
2-21-29 Used at  10°A. Thallium I 
2-22-29 134.3 ohms 

Clusius and Vaughen, 2. ges. Kalte-Ind., 36,215 (1929). 
Henning, Naturwissenschaften, 16,617 (1928). 
Onnes and Tuyn, Comm. Leiden Suppl., 58 (1926). 

Wernst, Ann. phys., 36, 432 (1911). 
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Date Resistance at O.OO Sample 

627-29 200.3 ohms 
Used a t  90°A. Thallium I1 
200.3 ohms 

The determination of the energy supplied to the sample consisted in measuring the 
voltage, the resistance of the circuit, and the time of current flow A standardized 
stop watch was used in an apparatus which made or broke the circuit precisely as the 
watch was started or stopped. A storage battery of large capacity was used as a source 
of current. The circuit included a precision resistance box, the potential across the 
terminals of which was kept constant by balancing it against that of a standard cell. 
A second standard cell was at  times substituted to serve as a check. The e. m. f. of the 
cell was taken as 1.0185 volts a t  20' and a difference between the two cells greater than 
0.0002 volt was never detected. The current flow was regulated by means of two parallel 
sliding resistances, one of which had ten times the resistance of the other. This regula- 
tion was not difficult because of the limited change in resistance of the constantan wire 
due to temperature changes. Before and after each individual heating, the resistance 
of the constantan wire was determined with an accuracy of 0.1% by means of a precision 
bridge. The same bridge was used to measure the resistance of the lead wire ther- 
mometer. The value, 4.1842 watt seconds = 1 calorie, as given by Jaeger and Stein- 
wehr,' was used in the calculation of the heat quantities. 

The various sources of error in these measurenlents are as follows. 
(1) Measurement of the Temperature Rise in an Individual Experi- 

ment.-The rate at  which the temperature increases, due to heat leaks, 
during the intervals before and after the energy input, was uniform and 
could be measured accurately even a t  the lowest temperature. Until after 
the heat capacity of the sample reached 0.4 calorie, the temperature 
was read every fifteen seconds. Later readings were taken every thirty 
seconds. 

(2) Error in Determining the Energy Input.--The energy introduced 
into the sample may be regarded as being correct to within 0.3% for the 
shorter heating intervals (five to ten seconds), and within 0.03% for the 
longer intervals (thirty to one hundred twenty seconds). 

(3) Error in the Correction for the Accessory Material.-The cor- 
rections for the various foreign materials such as the lead wire, constantan 
wire, thread and lacquer, are as follows. 

A = percentage of the total heat capacity due to foreign materials 
B = percentage error due to foreign materials 

1O0A. 20°A. 80°A. 200°A. 

Magnesium A 39 16 2 2 . 2  
B 2 0 . 8  0 .1  0 . 1  

Calcium A 15 5 2 2 .5  
B 0.75 0 .25  0 .1  0 . 1  

Thallium A 1 . 6  1 . 4  2 . 2  
B 0.06 .03 0.07 0 .  I 

Jaeger and Steinwehr, Ber. Sitzungsberichte, 424 (1915). 



(4) Errors in the Measurement of Temperature.-Taki~~g into 
account the slight error due to the temperature measurement, the total 
error in the results for calcium a t  the lowest temperatures probably does 
not exceed 1.5%. At 20°A. this error amounts to 0.8Yo, and a t  SOOA. i t  is 
probably within 0.3%. These errors are somcwhat lower for the thallium 
measurements, and are slightly larger for those of magnesium because of 
the larger error due to corrections for the foreign materials present in the 
latter sample. 

Source of Materials. -The ruagnesiunl was presented to  us as a very 
pure sample by Dr. Griitzner of the I. G. Farbenindustrie. The analysis 
of the material is as follows: 

Element.. . . . . . . . . . . . . . . . . . . .  Si A1 Fe Mn Cu Zn Total 
Percentage . . . . . . . . . . . . . . . . . .  0.02 0.06 0.018 0.035 . . . .  0.133 

The sample of magnesium was turned to a cylindrical block 17 mm. in 
diameter and 83 mm. long weighing 31.959 g. Considering an atomic 
weight of 24.32 for magnesium, the block contained 1.316 mole. 

The calcium block was of similar dimensions and was turned out of a 
sample of the purest commercial metal. Traces of iron, silicon, nitrogen 
and calcium chloride were found by the analysis. The block weighed 
28.617 g., corresponding to 0.7139 mole a t  an atomic weight of 40.07. 

Two thallium samples coming from different sources were used in these 
measurements. No difference in the specific heat curves for these two 
samples could be detected, which is worthy of mention because our meas- 
urements differ from those to be found in the literature. One sample 
was made by the reduction of pure thallium oxide with charcoal powder in 
a stream of hydrogen. The other sample came from Kahlbaum, and 
contained only traces of iron and aluminum according to the analysis 
furnished. Later, however, the presence of lead was discovered, yet the 
presence of this element in such limited quantities can hardly have af- 
fected the calculation of the specific heat because the atomic weights as 
well as the characteristic temperature of thallium and lead are similar. 
1; consideration of the appreciably smaller heat conductivity of thallium, 
blocks of only 12 mm. in diameter and 64 mm. and 47.5 mm., respec- 
tively, in length were used. The first sample weighed 84.943 g. (0.4158 
mole) and the second 63.671 g. (0.3115 mole), using an atomic weight of 
204.39. 

Results 

The results of these measurements are assembled in Table I, which 
contains the absolute temperature and the directly measured Cp values. 
T o  picture the completeness of the results, the Debye characteristic 
temperature 8 has been calculated, which required the value of C,, This 
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value was obtained from the approximate equations 

Cp - C, = ACp2T 

In  order to use this equation, the value of C, - C, must be known 
exactly for at  least one temperature, and since the equation 

requires data which are not known for calcium and magnesium, the follow- 
ing simplification according to Mie and Griineisen was used 

This equation gives results correct to within 10% for monatomic sub- 
stances, and the correction here is only about 1.5-2.5% of the C, value. 

The following values were obtained 
AT, = 2.85 X 
Aca = 2.42 X lod6 
AYg = 2.61 X lo-' 

The 8-values were calculated for values of C, under 5 calories. Be- 
cause of the form of the Debye curve, and the increasing errors in Cp and 
C, - C,, a further comparison is uncertain. 

TABLE I 
THALLIUM (TWO SAMPLES) 

Sample T O  CP Cu c p - c s  e~ 
I 11.18 0.976 ... 84 
I1 11.40 1.069 . . .  82 
I 11.98 1.099 . . . 85 
I1 12.64 1.193 . . . 87 
I1 12.88 1.234 ... 87 
I 13.22 1.318 . . . 87 
I 13.94 1.436 . . . 88 
I 13.98 1.552 . . . 85 
I1 14.86 1.560 . . . 90 
I1 14.93 1.581 ... 90 
I1 15.32 1.637 1.636, 0.001 90 
I 15.66 1.743 1.742 ,001 90 
I 16.08 1.800 1.799 .001 90 
I1 17.50 1.975 1.973 .002 93 
I1 17.78 2.009 2 007 .002 94 
I 18.24 2.130 2.218 .002 94 
I1 18.36 2.105 2.103 .002 94 

Cf. "Handbuch der Experimental Physik," Vol. VIII, p. 208. 
Cp = Molecular heat a t  constant pressure 
CS = Molecular heat a t  constant volume 
a = Cubical coefficient of expansion 
X = Compressibility 
VO = Normal volume 
V = Volume a t  the temperature T 
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Sample 

I 
I 
I1 
I1 
I 
I1 
I 
I1 
I 
11 
I 
I1 
I 
I1 
I 
I1 
I 
I1 
I 
rI 
I 
I 
I 
11 
I1 
I1 
I1 
I1 
I1 
I1 
I1 
I1 
I1 

TABLE I (Continued) 
C P  CY 

2.225 2.222 
2.385 2.382 
2.456 2.453 
2 457 2.454 
2.704 2.700 
3 075 3.069 
3.176 3.169 
3.625 3.615 
3.717 3.706 
4.105 4.088 
4.225 4.208 
4.571 4.548 
4.675 4.650 
4.878 4.848 
4.960 4.927 
5.175 5.135 
5.225 5.133 
5.342 5.294 
5.319 5.270 
5.452 5.396 
5 530 5.470 
5 632 5.552 
5.763 5.674 
5.725 5.635 
5 80 5.70 
5 94 5.82 
5.96 5.84 
6.01 5.87 
6 04 5.89 
6 16 6.00 
6.29 6.02 
6.34 6.06 
6 34 6.06 

MAGNESIUM 

CP C" 
0.013 

.013 

.026 

.028 

.049 

.051 

.075 

.073 

.I12 

.I69 

.246 

.353 

.533 

.696 
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TABLE I (Continued) 

CP c. 
0.919 
I. 122 

1.330 1.328 
1.518 1.515 
1.724 1.720 
2.214 2.206 
3.247 3.223 
3.546 3.515 
3.718 3.682 
3.878 3.836 
4.200 4.147 
4.426 4.363 
4.640 4.564 
4.830 4.742 
5.070 4 960 
5.192 5.071 
5.229 5.100 
5.329 5.118 
5.460 5.291 
5.520 5.339 

CALCIUM 

C, - oT* 
CP C, 4.41 X 1 0 - 6  

0.044 0.046 
.055 .053 
.071 .071 
.072 .072 
.097 .097 
.I16 .I18 
.I62 .I59 
.203 .201 
.233 .234 
,290 .290 
.320 .320 
.405 ( .432) 
.581 . . .  
.833 ... 

1.094 . . .  
1.378 1.376 . . .  
1.704 1.701 ... 
2.076 2.072 ... 
2.744 2.735 ... 
3.190 3.175 . . .  
3 ,546 3.525 ... 
3 879 3.852 ... 
4.195 4.160 ... 
4.470 4.425 ... 
4.700 4.645 ... 
4.915 4.850 ... 
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Figure 2 presents the curves of the data. The results of earlier investi- 
gations are also entered,g which in the case of thallium are too low, and 

0 40 PO 120 160 200 240 280 

lr, abs. 

Pig. 2.-Thallium: 0, Dewar, average; i3, Ewald, average; 
Q , Schimpf, average; X, Nernst and Schwers; 0, Clusius 
and Vaughen. 

with calcium and magnesium are too high, when compared with our data. 
With samples of thallium from different sources, however, we obtained the 
same values. The difference between the measurements with calcium and 
magnesium as recorded here, and those reported by earlier investigators, 

Dewar (Tl, Ca, Mg), Proc. Roy. Soc. (London), 89, 158 (1913); Giinther (Ca), 
Ann. Pkys., [4] 51,  828 (1916); Eastman and Rodebush (Ca and Mg), THIS JOURNAL, 
40,496 (1918); Nordmeyer (Ca), Verhandl. deut. physik. Ges., 10, 202 (1908); Nernst 
and Schwers (T1 and Mg), Ber. Sitzb., 355 (1914); Richards and Jackson (TI and Mg), 
Z. physik. Chem., 70, 414 (1910); Ewald (T1 and Mg), Ann. Physik,  44, 1213 (1914); 
Russell (TI), Physik. Z., 13,59 (1912); Schimpff (Mg), 2. physik. Chem., 71, 257 (1910). 
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which also differ among themselves, is surely not due to the use of impure 
samples. 

In the case of thallium, direct reproduction of the specific heat values is 
possible from 17OA. on, by using 0 = 94O in the Debye function. Below 
this temperature, the 0 value decreases to about 84O, indicating a de- 
celeration of the atomic vibrations. Lead, which is so similar to thallium 
as regards its elastic constants, its density and its melting point, possesses 
this characteristic also. With lead, between 20 and 80°A., the specific 
heat is given correctly by a Debye function with a 8 of 88,1° but a t  lower 
temperatures 0 = 85.l' Keesom and van den Ende,12 in reporting earlier 
experiments,15 mention that a t  liquid helium temperatures no further 
variation from the 0-value, determined a t  10°A., is apparent. 

T, abs. 
Fig. 3.-Calcium: @, Dewar, average; A, Eastman and 

Rodebush; +, Giinther; O, Clusius and Vaughen. 

In all probability thallium behaves in a similar manner, and an extrapo- 
lation of the specific heat curve to the absolute zero (using a 0 value of 
84) for the calculation of the absolute entropy, seems justifiable without 
introducing a large error. 

In  the measurements with calcium, special care was used in obtaining a 
high vacuum. Only after several days of continuous pumping did the 
hydrogen evolution from the calcium block cease. The 0 value of calcium 

lo Eucken and Schwers, Verhandl. deut. physik. Ges., 15, 581 (1913). 
Simon, 2. physik. Chem., 110, 572 (1924). 
Keesom and van den Ende, Physik. Z., 29,896 (1928). 

l 3  Keesom and Andrews, Comm. Phys. Lab. Univ. Leiden, No. 185. 
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exhibits the comparatively moderate slope of about 676, and therefore 
belongs to the class of dements whose specific heats are reproduced ap- 
proximately by the Debye function.14 Especially noteworthy is the fact 
that the @-value approaches a constant of about 219 a t  low temperatures, 
indicating that the T3 rule of Debye is probably valid. In  fact, the data 
for C,,, calculated from the equation 

C, e i  C, = 4.41 X 10-6 T" 

agree remarkably well with the directly measured values of C, below a C p  
value of 0.3 calorie. It appears that the extrapolation to the absolute zero 
can be performed with safety. 

0 40 80 120 160 200 240 280 320 
T,  abs. 

Fig. 4.-Magnesium: @, Dewar, average; a, Ewald, 
average; Q, Schinipf, average; A, Eastman and Rodebush; 
X , Nernst and Schwers; 0 ,  Clusius and Vaughen. 

With magnesium, on the other hand, the 0-values increase with de- 
creasing temperature, and above 30°A. a 0-value of 322 reproduces a fairly 
satisfactory atomic heat value. Even when it is considered that the 
difficulties of measurement at the low temperatures (due to the extremely 
small heat capacity of the substance) strongly magnify the possibilities of 
error, the reality of the effect remains indeed unquestionable. A t  the 
lowest temperatures, the points on the curve due to separate series of 
measurements lie very close together, indicating very good reproducibility. 
If any appreciable experimental error were present, too high a specific heat 
value would probably be obtained. A more rapid decrease of the specific 
heat curve than is to be expected from the T 3 law has been noted only in 

1' Compare the assembly of Professor Eucken in "Handbuch der Experimental 
Ph~s ik , "  Vol. VIII,  p. 245. 
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the case of copper and tungsten.ls With copper a t  14.51°A., a specific 
heat of 0.0396 cal. was determined, whereas the calculated value is 0.044 

cal. The specific heat of tungsten decreases even more suddenly. The 
variations with magnesium are of the same order of magnitude. An ex- 
planation of this behavior, which might indicate a failure of the funda- 
mental T3 law, is not a t  present available. 

For the calculation of the entropy under standard conditions, the curves 
were extrapolated to 298.1°A., by making use of the existing data (see 
Fig. 2). The following values for the integral So(S0 = ,,f Cp dt/T) were 
obtained. 

Calculated Lewis and Randall'& 

Thallium So = 15 51 14.6 
Calcium SO = 9.72 10.64 
Magnesium SO = 7.76 8.3  

VAPOR PRESSURE CONSTANTS OF MAGNESIUM 
The existing data for magnesium are sufficient to permit the calculation 

of the vapor pressure constants. The general vapor pressure curve for 
this element, whose vapor is probably monatomic, is as  follow^:'^ 

L 
log p = - -e 5 1 TdT 

4 . 5 i 3 T + 2 1 0 ~ T - ~ 3 ~  F f i p c o n d d T + J p  (1) 

where p is the saturation pressure a t  the temperature T, LO is the heat of 
vaporization at the absolute zero, CpCond, is the specific heat of the con- 
densate, and Jp is the vapor pressure constant. The required values are 
calculated as follows. 

The heat of vaporization at absolute zero may be calculated from the 
data of Hartmann and Schneider.18 Since these values were obtained by 
the boiling method, in which the zone of condensation is located by de- 
termining the region of constant temperature, their results may be con- 
sidered to be free from systematic errors. From the slope of their vapor 
pressure curve, these authors obtain a value of the heat of vaporization of 
LT = 32,800 calories a t  an average temperature of llOOOA. Using for 
the triple point 924'A.,l9 the following is obtained as the heat of vaporiza- 
tion a t  the absolute zero 

'5 Keesom and K. Onnes, Comm Phys Lab. Univ Leiden, 147a (Cu); Lange, 
2. physzk. Chem., 110, 360 (1921) (W). 

l6 Lewis and Randall, "Thermodynamics and the Free Energy of Chemical Sub- 
stances," McGraw Hill Book Co., Inc., New York, 1923. 

l7 Cf. Eucken, "Lehrbuch der Chemischen Physik," 1930, p. 234. 
'8 Hartmann and Schneider, 2. anorg. Chem., 180,275 (1929). 
lg Landolt-Bomstein, "Tabellen " Vol. I. 82g (1923). 



where L, is the heat of fusion (1130 calories),2O C* is the specific heat of 
the condensate, which we have supplied for low temperatures, and for 
values above room temperature those reported by Eastman, Williams 
and Youngz1 have been used. The results of these authors are given 
correctly enough between 300 and 90OoA. by the equation G# = 2.62 X 

T + 5.27. The specific heat of the liquid has been taken as 7 calo- 
r i e ~ . ~ ~  Then 

Lo = 32800 4 1130 + 7365 - 5965 = 35330 cal. (2a) 

The logarithm of the triple point vapor pressure is -0.339 when the 
value of the saturation pressure a t  1163OA. is taken as 84 mm. of mercury 
according to Hartmann and Schneider 

log p2 - 

The evaluation of the double integral of Equation 1 is easiest in this 
case by the transformation 

S g f c , d ~  = J * ? ~ T  - 

The entropy at  29g0A. is known as 7.76. The remainder of the equa- 
tion follows 

The value of the second integral in Equation 4 appears as 5455 calories 
from the calculation of Lo; therefore the second member of the above 
equation becomes 5.89. The double integral is then 

Combining the various values in the vapor pressure formula 

jp,,. = 3 324 

Calculating the pressure in atmospheres 
jp,,, = 3.324 - log 760 = 0.443 * 0.1 

The limit of error which has been given is a result of the uncertainty of 
the energy content of the condensate. 

From statistical considerations, the chemical constant value for j k  isa3 

j k  = -1.587 + 1.5 log M + log g 

where M is the atomic weight of the gas, and g is the degree of freedom of 
the atom in a magnetic field, its quantum weight. For magnesium in 
particular g = 1, and jk  = 0.493. 

20 Auberry and Griffiths, Proc. Phys. SOL. (London), 38,378 (1926). 
2 l  Eastman, Williams and Young, THIS JOURNAL, 46, 1178 (1924). 
22 Zalesinski and Zulinski, Bull. intern. l'acad. Polonaise, 9-10,479 (1928). 
23 A. Eucken, "Lehrbuch der chemischen Physik," 1930, pp. 243-248. 
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I n  order to compare the entropy of magnesium vapor, as calculated 
from these experimental data, with the theoretical value under standard 
conditions, the data must be rearranged somewhat. Let one mole of 
magnesium vaporize a t  298OA. From Equation 2 the heat of vaporiza- 
tion is 

L 2 9 8  = 35330 4- 293 X 2.5 X K - 1155 
= 35655 calories 

if the value 1155 cal. is assigned to the energy content of the condensate 
(from the specific heat measurements). The entropy increase in vapor- 
izing under equilibrium pressure is 35655/298 = 119.65 cal. per degree. 
The equilibrium pressure is obtained from Equations 1 and 4 and from 
the value of jp. 

This value corresponds to a vapor pressure of 0.717 X atmospheres. 
In  compressing this vapor to atmospheric pressure, the following entropy 
change takes place 

A S  = -4.573 X 20.144 = -92.12 cal. per degree 

The entropy of magnesium vapor a t  35O is empirically 
s;, = 7.76 + 119.65 - 92.12 = 35.29 cal. per degree 

We obtain from the theoretical equation 
s;, tlieor. = 4.573 ja + 6.699 X 2.5 X R = 35.52 cal. per degree 

Considering the tendency for double molecule formation, the agreement 
is satisfactory. 

The data necessary for a similar comparison of the spectroscopic and 
calorimetric values in the cases of calcium and thallium are not a t  present 
available. These two metals have transition points somewhere above 
room temperature that have not been investigated thoroughly. In this 
Institute, however, experiments are in progress to supply the necessary 
data. 

Many thanks are due Professor Eucken for the use of the property of the 
Institute, and for his interest and suggestions in the completion of this 
investigation. 

Summary 

1. An apparatus is described which was used in measuring specific 
heats from 10 to 200°A. 

2. The specific heats of thallium, calcium and magnesium have been 
measured from 10 to 200°A. The Debye function has been discussed in 
the light of these experimental data. 

3. The vapor pressure constant of magnesium has been determined as 
0.443 + 0.1 and is found to agree very well with the statistically calculated 
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value 0.493. The entropy of monatomic magnesium vapor a t  atmos- 
pheric pressure and 25" has been determined empirically a t  35.29 units, 
while the theoretical value is 35.Ei1. 

BRESLAU, GERMANY 

[CONTRIBUTION FROM THE DEPARTMENT O F  CHEATISTRY OF PRINCETON ~~NIVEKSITY] 

THE INFLUENCE OF THE PERIOD OF HEATING UPON T H E  
BOILING POINT OF CERTAIN LIQUIDS USED IN EBULLIOSCOPY, 
WITH A NOTE ON TESTING THE PURITY OF VOLATILE 

LIQUIDS BY ISOTHERMAL DISTILLATION1 

This paper describes a series of experiments designed to determine as 
accurately as possible whether the boiling point of a liquid is dependent 
upon the liquid's previous thermal history, i. e., whether a liquid which 
has been boiling for several hours, boils a t  exactly the same temperature 
as one recently elevated from a lower temperature. I t  is obvious, as pointed 
out by Smits and others, that in associated liquids there might be a delay 
in attaining the degree of association appropriate to the higher temperature. 
This would usually result in a slightly higher boiling point a t  the beginning 
of ebullition tlian would be observed several hours later. For purposes of 
investigation two associated liquids, bromine and acetic acid, and two sup- 
posedly non-associated liquids, benzene and carbon tetrachloride, were used. 

We also briefly refer to a method of testing the purity of volatile liquids, 
far more sensitive than the ordinary methods of boiling point and distilla- 
tion range. 

This study was prompted by experiments reported by H. B. Baker,2 
who believed that they demonstrate a delay in the attainment of internal 
equilibrium in the case of bromine and acetic acid. These observations, 
if confirmed, might serve to explain several difficulties previously en- 
countered in ebullioscopic work, such as (1) the frequently mentioned 
necessity of allowing an astonishingly long period of time for the pure 
solvent to attain a constant boiling point in Beckmann's ebullioscopic 
method of determining molecular  weight^,^ (2) the classical controversy4 

1 From the thesis of Sydney L. Wright, Jr., presented in partial fulfilment of the 
requirement of the degree of Doctor of Philosophy, 1928. 

2 Baker, J. Chem. Soc., 129,949 (1927). 
3 Beckmann, 2. physik. Chem., 6,473 (1890); 8, 225 (1891). Biltz, translated by 

Jones and King, "Practical Methods for Determining Molecular Weights," 1912, p. 
155; Jones, "The Elements of Physical Chemistry," 4th ed., 1915, p. 133; Walker, 
"Introduction to Physical Chemistry," 9th ed., 1922, p. 200; Findlay, "Practical Physi- 
cal Chemistry," 4th ed., 1923, p. 264. 

4 Reference to the extensive literature on this subject may be found in Ostwald's 
"Lehrbuch der Allgemeinen Chemie," Vol. I, p. 308. 
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as to the equivalence of the static and dynamic methods of vapor pressure 
determination, (3) the frequency with which it is found that the most 
satisfactory vapor pressure curve of a liquid shows a temperature at  760 
mm. pressure not identical with the best observed boiling point determina- 
tions. Raikes and Bowen5 pertinently remark tha.t this discloses a "situa- 
tion which can be cleared up only by further research." 

Experimental Method 

The method in brief consisted of a differential reading between two iso- 
ten is cope^,^ one containing a portion of the liquid which had been held near 
the boiling point for several hours, the other containing a portion recently 
rapidly elevated to the same temperature by insertion in the bath. Iso- 
teniscopes, being compact in form, can be used in a bath designed for more 
adequate stirring than can be supplied for long barometer tubes. This, 
with the fact that the liquid under consideration is used as a manometric 
fluid instead of the denser mercury, and that the readings are differential 
and not absolute in nature, allows a far greater sensitivity7 than that at- 
tained by Baker. The observations were continued until the liquids were 
more similar in thermal history. A difference in vapor pressure observed 
a t  first and not disappearing within a reasonable time must be due not to 
difference in thermal history but to some of the other factors discussed 
later. 

Apparatus.-The isoteniscopes were constructed of pyrex glass, the bulb of 35-cc. 
capacity, being sealed to thick-walled tubing of 2 mm. bore which formed the left side of 
the manometer. The right side was of 10-mm. tubing in which, above the level of the 
bath, were blown four elongated bulbs to serve as the inner tube of a condenser 27 cm. 
long. Near the end it was bent at  a slightly acute angle to prevent possible contamina- 
tion from the rubber connections. Each isoteniscope was connected through a short 
piece of rubber tubing to a tube containing calcium chloride, thence through a long 
flexible tubing to a 1-liter flask which served as a reservoir to stabilize the pressure and 
facilitate delicate adjustment. Mercury manometers connected with these flasks 
were a convenience in manipulation. By means of glass and rubber tubing fitted with 
suitable clamps, it was possible to establish pressure equality between them, and to 
adjust both or either of them to any desired pressure not greater than atmospheric 
The arrangement is shown diagrammatically in Fig. 1. 

The bath consisted of a 3-liter beaker filled with glycerin and stirred by a six- 
bladed glass stirrer electrically propelled. Adjacent were two heating units and the 
expansion bulb of the thermostat. Near the front of the bath was a bakelite millimeter 
scale supported vertically. The scale was 120 mm. long and the markings were about 
5 em. wide, so that when the isoteniscopes were in position, the bulbs hung over the top 
of the scale near the center of the bath, while the manometers, side by side in front of the 
scale, could be read almost simultaneously. Except for windows a t  the front and back, 

Raikes and Bowen, ' International Critical Tables," Vol. 111, 1928, p. 215. 
Smith and Menzies, THIS JOURNAL, 32, 1412 (1910). 
The sensitivity is illustrated in the last column of Table I, which shows the tem- 

perature change corresponding to a pressure change of 1 mm. 



the beaker was insulated with cotton wool. A lamp behind the bath furnished illu- 
mination. The heating units and the thermostatic control were so connected with rheo- 
stats that the difference between the current intensities during the "on" and the "off" 
periods could be reduced to a minimum at  the time of reading, thus diminishing the 
"pumping" effect ref erred to later. 

Procedure,--Except in the case of lxomirie (p. v. )  the liquid was taken up in a dried 
pipet and 5 cc. placed in each of the thoroughly cleaned and dried isoteniscopes, which 
were immediately connected to the vacuum system. The permanent gases were re- 
moved as far as possible by repeatedly boiling out near room temperature. With water 
running through the condensers, the isoteniscope was evacuated to a pressure corre- 
sponding to the vapor pressure a few degrees above room temperatnre. A small flame 
was then applied intermittently to the bottom 
of the bulb. The vapor passed through the 
manometric portion of the isoteniscope carrying 
the dissolved gases with i t  and, condensing, 
formed a trap which prevented their readmis- 
sion. By allowing the bulb to cool, the greater 
part of the liquid was returned to it, leaving 
sufficient in the manometer to form a trap. 
When this had been repeated several times with 
each isoteniscope, comparison in the bath at 
room temperature showed that their vapor 
pressures agreed within the experimental error , 
and further boiling out caused no change. 
After the h a 1  comparison, isoteniscope A was 
removed from the bath and by closing clamp 1 
was cut off from the rest of the system. The 
heat was then turned on and the pressure over 
the liquid in B allowed to increase as the vapor 
pressure rose. When the pressure had increased 
to within a few centimeters of 76, the thermo- Fig, showing apparatus 
stat was set to hold the bath a t  the correspond- with isoteniscopes in position for read- 
~ n g  temperature. The isoteniscopes were al- iug. A, B, isoteniscopes; 2, 3, 4, 
lowed to stand thus, A a t  room temperature, B clamps; M, mercwy manometers used 
near the boiling point, for about four hours. for ,onve~ence in adjustment, S, to 
The position of the manometric liquid was air; V, to vacuum. 
watched during that time and any necessary 
adjustments made to prevent the entrance of air into the bulbs. Near the end of this 
period the pressure on B was reduced slightly so that bubbles of vapor passed through the 
confining liquid and condensed, thus eventually evaporating all the liquid from the bulb. 
Meanwhile, by slightly warming A, the liquid in that isoteniscope also was condensed in 
the wide arm of the manometer. At this point clamp 2 was closed, the connecting tubes 
evacuated and clamp 1 opened, allowing the pressure on A to be altered without affecting 
B. Isoteniscope A was then placed in the hot bath and by means of clamp 3 the pres- 
sure was increased as rapidly as possible without forcing any liquid into the bulb. When 
the behavior of the liquid in A indicated that temperature equilibrium was near attain- 
ment, clamp 2 was opened, thus assuring the identity of the external pressure on the two 
isoteniscopes. As rapidly as possible the greater part of the liquid in both isoteniscopes 
was returned to the bulbs and comparative vapor pressure readings taken. Agitatioti of 
the liquid in the bulbs hastened temperature equilibrium. When A was inserted with- 
out the precautions noted above, the sudden inflow of heat from the large surface of the 
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bulb caused instant and complete evaporation, with considerable loss of liquid. This 
procedure, by reducing the heating surface, allowed the  increase of pressure t o  keep pace 
with the speed of heating. 

The constant "pumping" movement of the manometric liquid due to  small fluctua- 
tions of bath temperature was reduced as much as possible by proper rheostat adjust- 
ment. To minimize the error from this source the reading was made as far as possible 
a t  the time of momentary rest between rise and fall of temperature, the pressure being 
so adjusted that a t  that instant the menisci in A were level. The pressure difference 
was then read on the manometer of B. When the liquid in the wide arm of B was higher 
than in the capillary, i t  indicated that the vapor pressure of A was less than that of B. 
Such readings were recorded as negative. Readings were made a t  frequent intervals 
until they became constant, and then occasionally for a longer period. 

Isothermal Distillation.-When the readings were completed, i t  was 
found advisable to test the purity of the liquids by isothermal distilla- 
tion. The deficiency of this method as a means of measuring or even 
detecting impurities has recently been discussed by Washburn.8 The data 
forming the basis of his discussion are, however, limited to the difference 
between the vapor pressure of the liquid with an infinitely large and an 
infinitely small vapor phase. The method here described, in that i t  fur-  
nishes a few intermediate points, is more promising and was found useful 
in testing at least the relative purity of the two samples. 

The fractionation was generally carried out immediately after the com- 
pletion of the main experiment, when both samples of liquid were already 
a t  the boiling point and supposedly free of permanent gas. By closing 
clamp 1, and reducing the pressure, bubbles of vapor could be made to 
pass through the manometer of B and, condensing, increase the volume 
of the manometric fluid. The speed of this evaporation could be con- 
trolled by the amount of change of pressure. By continuous agitation of 
the liquid in the bulb, and slow rate of evaporation, the condition is 
approached where the condensing vapor is of the composition in equilibrium 
with the liquid. At any point the distillation could be interrupted, tempera- 
ture equilibrium reestablished and the change of vapor pressure in B ob- 
served by comparison with A. At the same time, the volume of the liquid 
in the manometer (previously calibrated against the millimeter scale) was 
read. Thus, by a series of observations, there could be plotted against the 
percentage of the original amount of liquid in the bulb, the corresponding 
reduction in vapor pressure. The points obtained are shown in Fig. 2, 
in which the lowering is expressed as percentage of saturation vapor pres- 
sure which in all cases was close to 760 mm. The points for a sample of 
acetic acid less pure than that used are included for comparison, as is also a 
line showing the points to be expected by a liquid containing one mole of 
a non-volatile solute in 9999 moles of solvent. Where the impurity is 
volatile, the theoretical curve will vary with each pair of substances ac- 
cording to the behavior of their partial vapor pressures. It may be seen 

8 Washburn, 2. p h y ~ k .  Chem. (Cohen Festband). 592 (1927). 
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at  a glance, however, that the benzene and bromine used in these experi- 
ments are of a higher order of purity than the acetic acid. 

The most striking feature of this method of isothermal distillation is its 
sensitivity. Constancy of boiling point, a generally accepted criterion of 
purity, is crude in comparison, far the acetic acid used, which distilled 
completely within a range of 0.02", was found, on isothermal distillation, 
to show vapor pressure changes up to 58 mm. of acetic acid (used as 
manometric liquid) in the course of the fractionatioag This acid had been 
subjected to fractional crystallization twelve times, until the melting point 
became constant within 0.02", and was then distilled twice, all but  a 

80 60 40 20 
Percentage of liquid remaining in bulb. 

Fig. 2.-Graph showing the fall in vapor pressure resulting in 
progressive evaporation of liquid by slow isothermal distillation. 
Fall in vapor pressure is expressed as per cent. of saturation 
pressure (near 76 cm.). The line represents the theoretical curve 
for a non-volatile solute. 0, Benzene; 0, bromine; 8, acetic 
acid, m. p. 16.6'; Q, acetic acid, m. p. 16.4'. 

negligible residue coming over within a range of 0.02", m. p. 16.6", b. p. 
117.8".1° These figures are in agreement with the best observations in 
the literature. In this case, therefore, fractionation as here carried out 
furnished the only evidence of the impurity undoubtedly present.ll Im- 

p Fifty-eight mm. acetic acid; density 0.94 E 4.0-mm. mercury, density 13.6 = 
0.53% of 760 (Fig. 2 ) .  

10 The thermometers used for testing the purity of liquids were compared with a 
standard thermometer, whose certified accuracy was 0.1 O. The constancy of the read- 
ings could be estimated more closely as the thermometers were graduated in 0.2". 
Unless otherwise stated, boiling point observations are corrected to '760 mm. pressure. 

11 Lack of this evidence was undoubtedly the cause of the difficulties encountered 
by Meyer and Jaeger, Ber., 36, 1555 (1903), and Kahlbaum, ibid., 16, 2479 (1883), in 
working with acetic acid. 
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purities, therefore, too small in amount to be detected by ordinary means 
are capable of causing appreciable error in vapor pressure measurements 
where the circumstances are favorable to fractionation. 

Errors.-Fractionation as a source of error in our results is eliminated 
by the expedient of evaporating all the liquid from the bulbs of both iso- 
teniscopes immediately before the comparison is made. The liquid on 
condensing is thoroughly and automatically mixed by bubbles of vapor 
passing upward through it. On returning the liquid to the bulbs, one is 
then certain that the vapor pressures observed are those of the whole mixed 
portions of liquid. Error from parallax was negligible, because i t  was 
suffered alike by each limb of the confining liquid within the isoteniscopes; 
this was tested also by the very close agreement of two isoteniscopes in 
the bath under like conditions. 

The most important single source of error remaining was the constant 
movement of the manometric liquid in the isoteniscopes. In Table I, 
Col. 5, is shown the amount of movement that would be caused by a 
variation of 1 " in the bath temperature. 

Temp. Density Factor, mm. At normal boiling poiut 
expt., at the liquid to p in mm. liquid 

Liquid OC. t ) .  p., g. per cc. mm. Ng d$/dt, mm. liq. dt/d$ liq., ' C .  

Acetic acid 117.5 0.94 0.069 346 0.0029 
Bromine 58.8 2.98 .219 115 .0087 
Carbon tetrachloride 75.0 1.48 . lo9 ' 213 .0047 
Benzene 78.4 0.81 ,060 392 .0026 

Actually, by adjustment of the rheostat and making the reading in the 
manner described, the error of reading the pressure difference a t  the boil- 
ing points was probably not greater than * 1 mm. At room temperature 
these fluctuations were entirely absent. Temperature variation was sig- 
nificant only on account of this "pumping" effect. The actual temperature 
of the bath was of importance secondary to that of its constancy of tempera- 
ture. Traces of impurity, if present in both samples in the same amount, 
produce no appreciable effect on the differential vapor pressure readings. 
Minute differences in the amount of impurity in the samples contained in 
the two isoteniscopes, however, produce considerable effect. Except in 
the case of bromine there was a possibility of absorption of moisture in 
transferring the liquids to the isoteniscopes. A greater source of error was 
the possible presence of permanent gases, even after boiling out and com- 
paring the isoteniscopes a t  room temperature. Any traces of gas dissolved 
in the liquid or adsorbed on the inner walls of the isoteniscopes would tend 
to enter the vapor phase during the heating. Any such accumulation in 
B would be removed when it was boiled out just before the insertion of A, 
but in A the heating was of necessity deferred until the readings were to be 
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made and the accumulating gas would cause a gradual increase in the 
apparent vapor pressure of A as compared to B. This was an error of the 
second order in all experiments but benzene (a), which was continued for 
ten hours. In this case a gradual increase of pressure amounting to 
0.1 mm. of mercury was noted. Though nearly within the experimental 
error from other sources, it appeared to be quite definite, and could be 
accounted for by the liberation of only 0.004 cc. of permanent gas. 

EXPERIMENTAL DETAILS FOR ACETIC ACID 

Temp., 117.5O; period of heating B, 4 hrs., 50 min. 
T ~ m e  elapsed since Vapor pressure Diff. in b. p. 

insertion of A d i f f .  ohs. indicated, 
Hrq Min Mm 11q Mm HI: OC. 

9 -6 -0.41 4- 0.017 
12 -4 - .28 + .012 
8 - 2.5  - .17 + .007 

21 - 2 .5  - .17 f .007 
33 - 2 .5  - 17 + .007 

2 42 - 2.0 - .14 + .006 
4 10 - 2.5 - .17 + 007 

Results 

Detailed experimental data are reported in only one instance for purpose 
of illustration. The results for all liquids are summarized in Table 111. 
Information not readily tabulated is given under the heading of each 
liquid. The observations of pressure difference are given to the nearest 
0.5 mm., as in some cases, notably those of bromine and carbon tetra- 
chloride, this refinement of measurement has probably some significance, 
due to a diminished amount of pumping. The time required to heat the 
bath to the boiling point of the liquid varied from fifteen minutes in the 
case of bromine to eighty minutes in the case of acetic acid. The period 
of heating was not considered to have started until the boiling point was 
attained. 

Acetic Acid.-The purity of this material has been discussed. Experi- 
mental details are shown in Table 11. The pressure difference observed 
indicated that the more recently heated portion possessed a vapor pressure 
0.17 mm. of mercury lower than that heated for about five hours. This is 
in the direction suggested by Baker's results, but there was no change in 
this difference over a period of four hours, at  which time the thermal 
history of the two samples was more nearly similar. 

Bromine.-This was prepared from recrystallized potassium bromide 
and purified by the method of Robinson and Briscoe.12 It was then dried 
in contact with fused calcium bromide prepared from a portion of the pure 
bromine. The isoteniscopes were in this case sealed to the drying tube, 

l z  Robinson and Briscoe, J. Chcm. Soc., 127, 142 (1925). 
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after which the system was evacuated and allowed to stand for a week. 
Finally 5 cc. of bromine was distilled into each isoteniscope, which was 
then sealed off, the tip being later broken after connection to the vacuum 
system. The desirability of this method of treatment is reflected in the 
results. The bromine used had not been elevated above room temperature 
for three months previous to the experiment; vapor pressure 760.5 mm. 
a t  58.8". Isothermal distillation indicated a very high order of purity. 
There was no difference observed between the pressures of the two samples 
and no change in this condition over a period of four hours. 

Carbon Tetrachloride.-The original liquid boiled a t  76.6 within a 
range of 0.05". The middle portion was retained and kept for eighteen 
months in contact with metallic calcium. This was an early experiment, 
completed before the disturbing effect of fractionation had been observed. 
In  this case, instead of evaporating all the liquid from both bulbs immedi- 
ately before making the comparison, B was not allowed to boil out, while 
A of necessity boiled out completely on immersion. No test of purity by 
isothermal distillation was made. 

Benzene.-A high quality commercial product was shaken successively 
with sulfuric acid, sodium hydroxide and water, and dried over fused cal- 
cium chloride. On distillation i t  boiled a t  80. l ". It then stood for twenty- 
two months a t  room temperature, for twenty months in contact with 
metallic calcium and for two months with sodium. Experiment (a) 
showed a higher vapor pressure in the more recently heated portion, 
amounting approximately to 0.3 mm. of mercury. The experiment was 

1 Liquid.. . . . . . . . . . . . . . . . . . . . . . .  Acetic 
acid 

2 Time liquid in A had remained 
a t  room temp., months.. . . . . . .  2 . 5  

3 Time liquid had been held a t  the 
. . . . . . . . .  boiling point, hours.. 4.8 

4 Time required for A to attain 
temp. equilibrium with bath, 
minutes . . . . . . . . . . . . . . . . . . . . .  12-18 

5 Duration of expt. after insertion 
of A, hours.. . . . . . . . . . . . . . . .  4.2 

6 Av. press. diff. for 15 minutes, 
mm. liquid first. . . . . . . . . . . . .  -2 5 

7 Av. press. diff. for later observa- 
tions, mm. liquid. . . . . . . . . . . . .  - 2 . 3  

8 Change of press. diff. between 6 
and 7, mm. Hg.. . . . . . . . . . . . . .  +O 014 

9 Change in b. p. indicated by 8 in 
"C . . . . . . . . . . . . . . . . . . . . . . . . . .  0.0006 

Bromine CC14 Benzene 
(a) (b) 
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continued for ten hours, the difference increasing to 0.4 mm. As i t  was 
suspected that the original vapor pressure difference was caused by an 
impurity, both portions of the benzene were subjected to isothermal dis- 
tillation. The sample contained in isoteniscope B showed good agreement 
with the other results for benzene, while that in A showed distinctly greater 
impurity (probably permanent gas). In order to see if this difference dis- 
appeared with equally pure samples, experiment (b) was performed. In 
this experiment the difference in vapor pressure amounted to  only 0.06 
mm. of mercury, and isothermal distillation showed almost identical 
curves for the samples in the two isoteniscopes. 

Discussion 

The following four points (Table 111) are most pertinent to the question 
of whether the phenomenon reported by Baker has any influence on 
ebullioscopic determinations. 

(1) All liquids had been standing a t  room temperature for a con- 
siderable time before being used, thus assuring attainment of the equi- 
librium for that temperature. 

(2) Except in the case of acetic acid, the isoteniscope which had been 
plunged into the hot bath gained the temperature of the bath in six minutes 
or less. 

(3) The difference in pressure observed varies in direction, suggesting 
that it is fortuitous. In benzene (a) the difference was accounted for by 
an impurity found in one of the isoteniscopes. In acetic acid the difference 
would amount to only 0.007" difference in boiling point. The striking 
contrast of this result with Baker's is shown in Table IV. 

Pressure difference Corresponding 
Temp. of In percentage of temp 

ohsn., OC. Mm. satn., press., diff., OC. Observer 

20 2 17 3 Baku 
117.5 0.17 0.002 0.007 Wright and Menzies 

(4) In all cases but benzene (a) there was no perceptible change in 
the pressure difference produced by continued comparison over a period 
of time. The case of benzene (a) has been accounted for by a gradual 
accumulation of permanent gas. 

Summary 

To determine whether the boiling point of a liquid is altered by pro- 
longed heating a t  the boiling point, an apparatus was constructed which 
allows a direct differential vapor pressure measurement to  be made upon 
two samples of a liquid, one sample having been kept a t  the boiling point 
for several hours, the other elevated to the boiling point from room tern- 
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perature immediately before making the observation. Isothermal dis- 
tillation within the apparatus furnishes a very sensitive test for the purity 
of the liquid. As the result of observations made on acetic acid, bromine, 
benzene and carbon tetrachloride, i t  may be concluded that the vapor 
pressure of a sample of liquid rapidly elevated to the boiling point is iden- 
tical with that which it exerts after remaining for several hours a t  the boil- 
ing point. Delay in attaining internal equilibrium is therefore not a factor 
of influence in the measurement of boiling point or vapor pressure of 
these liquids, and observations may be made as soon as temperature 
equilibrium is established. 

PRINCETON, NEW JERSEY 

THE KINETICS OF THE POLYMERIZATION OF VINYL ACETATE 

Vinyl acetate forms high polymers on heating alone or in solution, 
with or without a cata1yst.l The present investigation indicates that 
the probable mechanism of the process from monomer to polymer is a 
type of chain reaction. 

The rate of polymerization was observed by measuring the contrac- 
tion in volume. A linear relation was established between percentage 
contraction on the original volume of the monomer and the degree of poly- 
merization by density measurements and by evaporating mixtures of 
monomer and polymers to constant weight, the polymers being non- 
volatile. 

Apparatus 

Dilatometers similar to those used in measuring the thermal expansion 
of liquids were constructed, consisting of bulbs of 18 mm. tubing and 
approximately 20 cc. capacity, sealed to straight tubes 4-7 mm. in diameter. 
The straight tubes were graduated in per cent. Those made from the 
smaller tubing could be read to 0.02% and the larger one to 0.05y0. The 
thermostats for heating the dilatometers consisted of three large tubes 
equipped with condensers and filled with boiling benzene, water and 
toluene. The temperatures of the different baths a t  the position of the 
dilatometer bulbs as determined by calibrated thermometers were 82, 
101 and 111". 

' H. Staudiger, K. Frey and W. Starck, Ber., 60, 1782-92 (1927); Whitby, Mc- 
Nally and Galley, Trans. Roy. Sor. Can., 22, 27-32 (1928). There are also numerous 
patents on the subject. 
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Experimental Procedure - 

The vinyl acetate was distilled, using an ordinary condenser, so that it was exposed 
to the air. It was kept in a clean tin can to protect it from the light. I n  some of the 
measurements the acetate was distilled in vacuum directly into the dilatometer in the 
all-glass apparatus shown in Fig. 1. The acetate was placed in B and cooled with solid 
carbon dioxide while the whole apparatus was exhausted with an oil pump. After 
sealing a t  E, C was cooled with liquid air or solid carbon dioxide and B allowed to reach 
room temperature. After collecting a light fraction in C, B was again cooled and D 
sealed. By a similar procedure another fraction was collected in the dilatometer A, 
rejecting the heavy fraction left in B. The dilatometer 
was then sealed off a t  F. Pump 

In experiments with air-distilled vinyl acetate, alone /I 
or in toluene solution, air was pumped out of the diia- 
tometer after cooliig the acetate to -78'. S i c e  the 
measurements were made a t  temperatures above the boil- 
ing point of the acetate, it  was necessary to use a closed c 
system. In preparing toluene solutions definite volumes 
of vinyl acetate were run from pipets into weighed 100 cc. 
graduated flasks. They were then filled up to the mark 
with toluene a t  22'. Within the limits of accuracy of 
this work, no appreciable change in volume was found 
upon mixing vinyl acetate and toluene. 

After a dilatometer had been filled arid sealed it was 
placed in a water-bath a t  22' and allowed to stand until 
the meniscus position was constant. The dilatometer 
was then placed in the boiling liquid (water, benzene or 
toluene) bath and the liquid level was read a t  frequent 
intervals. In the absence of an added catalyst the level 
usually rose for the first three to six minutes and then 
gradually fell. When a catalyst was present the level 
frequently started to fall by the end of one or two 
minutes, and the maximum reading was calculated from 
the reading a t  22" and from the expansion as determined 

Fig. 1. 

in the absence of the catalyst. The dilatometers in most cases were allowed to stay in 
the bath until no further contraction took place; this required from one to nine days. 

Experimental Results 
According to Staudinger and others,l when vinyl acetate polymerizes 

it does not yield a single chemical individual but a mixture of polymeric 
homologous compounds. Our experimental method is justified only if 
the average density of the mixed polymers is the same throughout the 
course of the reaction. It is not necessary to treat the reaction product 
as a chemical individual because we are concerned only with the rate 
of disappearance of the monomer. Whether the actual densities of all 
the polymers are nearly the same is not so important in establishing the 
kinetics of the process as are the differences in density between the mono- 
mer and the mixed polymers. 

In this study the assumption has been made that all the polymer., are 
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non-volatile. In a number of cases, after measuring contractions in the 
dilatometer, the contents were evaporated to constant weight. Most 
of the toluene and monomer (b. p. about 60') were allowed to evaporate 
a t  room temperature, and then the sample was kept in a vacuum oven 
a t  65' until it reached constant weight. This required from one to two 
weeks. The results are given in Table I. Column 4 is calculated from 
Columns 2 and 3, and Column 6 from Columns 4 and 5. From the table 
it will be seen that percentage non-volatile (i. e., polymers) is approxi- 
mately proportional to contraction under widely varying initial concen- 
trations. The experimental error in data of this kind is necessarily high 
for obvious reasons, but there is no definite trend in the values for per- 
centage polymerization versus percentage contraction, so that the average 
may be accepted. 

1 2 3 4 5 6 
Calcd. % % non- % polymeri- 

yo by volume of Observed contrac. volafile zation per O/o 
monomer in Yo contrac. in vol. on orlg. vol. contrac. 

toluene of sohb  of mono- wt. of of vinyl 
At 2 Z 0  At l O l o  at 101 mer monomer acetate at l O l o  

24.5 
46.5 
55.8 
45.5 
87.3 
85.2 
81.7 
90.1 
91.9 
79.6 
43.3 
67 .4  

Average 
" Reaction catalyzed with benzoyl peroxide. 

From this average, 3.65%, the contraction corresponding to complete 
polymerization is 27.4%. From density measurements of monomer and 
polymer a t  101°, the calculated contraction is 26.8%, in fair agreement 
with the above figure of 27.4%. Since determinations of density could 
be made much more accurately than of non-volatile matter, contractions 
used in interpreting the data were calculated from them at  all three tem- 
peratures. Table I1 gives the measured densities and the contraction 
calculated from the densities for complete polymerization. As an example 
of the calculation: 100 g. containing 61.6 g. monomer, a t  82', occupies 
100/0.834 = 120 cc., the monomer 61.6/0.85 = 72.5 cc., the polymer 
61.6/1.142 = 53.9' cc. The contraction is (72.5 - 53.9)/120 = 15.5%. 

Table 111 summarizes some of the data obtained. The time in minutes 
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% monomer 
in toluene 82 O 1Olo I l l 0  

By vol. By Den- Contrac- Den- Contrac- Den- Contrac- 
at 2 2 O  wt. sity tion, % sity tion, % sity tion, % 

20 21.1 0.798 5.48 
60 61 6 0.834 15.5 ,809 16.25 0.798 16.5 
80 8 1 0  ,815 21.5 

100 100 ,850 25.6 .823 26 8 ,812 27.2 
Polymers 1.142 1.125 1 116 

is given for each 10% reaction. Results obtained with pure vacuum- 
distilled vinyl acetate were easily reproducible, but those with the air- 
distilled material varied appreciably. The reaction with the pure ace- 
tate was allowed to proceed a t  all three temperatures until no more con- 
traction in volume occurred. The densities of the three products thus 
obtained were determined by weighing in water and air a t  room tempera- 
ture and found to be 1.190 * 0.002. The uniformity in density indi- 
cates the same mixture of reaction products a t  all three temperatures. 

TABLE I11 
RATES OF POLYMERIZATION OF VINYL ACETATE 

T%mp., Time in minutes to reach indicated % polymerization 
C. 10 20 30 40 50 60 70 k X 10' 

Vacuum-distilled 

82 100 230 375 530 725 1000 1320 11 
101 20 45 75 112 157 205 261 63 
111 7.5 16 25 36 49 68 102 140 
82 200 500 930 1470 2200 . . . .  5 

101 40 88 162 272 400 675 1580 26 
111 17 40 75 120 200 380 760 62 

lyo Benzoyl peroxide 

60 101 . . .. 4 . .  . . 9 1 6 ~  
20 101 4 8 15 26 49 131 " 

" 25% in 90 hours. * 88% in 16 hours, then no reaction next 3 hours. 61% in 
3 hours, then no reaction next 24 hours. 

The rate of polymerization of pure vacuum-distilled vinyl acetate ap- 
proximately follows the law for a unimolecular reaction. Table IV gives 
the complete data for the run a t  101'. The constant, k, was calculated 
from the formula 

1 c k = -1n- 
t c - x  
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where c is the contraction for complete polymerization and x the contrac- 
tion a t  time t. 

TABLE IV 
POLYMERIZATION OF VACUUM-DISTILLED VINYL ACETATE AT 101 
Time, minutes Dilatometer scale Contraction, O/ ,  k X 10" 

0 126.5" 
2 142.2 
8b 142.45 0 
8 141.5 .67 50 
14 140.4 1.44 50 
20 139.3 2.21 51 
26 138.2 2.98 51 
31 137.4 3.55 51 
50 134.6 5.52 49 
62 132.9 6.71 49 
81 130.5 8.39 48 
106 127.7 10.36 47 
154 124.1 12.88 43 
222 118.5 16.81 45 
309 113.2 20.54 48 
414 107.4 24.61 61 

m . . .  26.8 

" At 22" before placing in boiling water jacket. ~ a k e n  as zero time in computing 
velocity constant. 

Undiluted vinyl acetate gives a fair unimolecular constant in all cases 
over the entire range. The temperature coefficient for 10' is 2.7 and the 
heat of activation 25,000 calories, which is the same order of magnitude 
as for other high-polymer reactions given by Kienle.2 In  toluene solu- 
tions the computed values for k fall rapidly with time. For example, 
take the case of the 80% solution a t  101°, the constants figured for each 
10% reaction up to 50% -are 81, 66, 55, 44, 37 X The values of k 
given in Table I11 for the toluene solutions are figured for the first 10% 
reaction, merely as an index of relative speeds a t  the start. 

The effect of benzoyl peroxide upon the rate of polymerization of the 
20% solution of vinyl acetate in toluene a t  101' is shown in Fig. 2. The 
rate curves between 190 and 1200 minutes are omitted from the figure. 
After 1200 minutes, Samples I1 and 111 were cooled and more of the per- 
oxide was added. After being replaced in the boiling water-bath, the poly- 
merization rates increased sharply, as shown by the curves. The ly0 
additional benzoyl peroxide added to Sample I1 after 1200 minutes gave 
a curve practically identical in slope with that obtained with Sample 
V, which contained 1% of the peroxide a t  the start. In the first 1200 
minutes Sample 111, containing ten times as much catalyst as Sample 
11, polymerized only half again as much, and Sample V with 50 times 

R. H. Kienle, Ind. Eng. Chem., 22, 590-594 (1930). 
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something over twice as much. The curves show, in general, that a given 
amount of catalyst causes the same degree of polymerization, whether 
added all at once or in portions at successive time intervals. 

In no case did the reaction in toluene solutions go to completion al- 
though in some experiments the heating was continued for nine days. 
It is perhaps significant that in the uncatalyzed reactions the polymeri- 
 ati ion of 40, 60 and 80% solutions apparently stopped when they con- 
tained approximately 2.0 moles of monomer per liter, while the polymeri- 
;.ation of the 20% solution appeared to stop when it contained 1.5 moles 
of monomer per liter. 

20 100 180 1220 1300 1360 
Minutes. 

Fig. 2.-Polymerization of 20% vinyl acetate in toluene (101 O) . 
Percentage of benzoyl peroxide: I. 0.00; 11, 0.02 and 1.0; 111, 0.2 and 
0.2; IV, 0.4; V. 1.0. 

There are negative as well as positive catalysts for this polymerization. 
A sample of air-distilled vinyl acetate containing 1% of sulfur was heated 
for twenty hours in boiling water with no detectable contraction in volume. 
If no sulfur had been added, polymerization would have been essentially 
complete. This effect of sulfur had been determined previously by 
Rlaikie. 

Discussion of Results 
I t  seems likely that we are dealing with a chain reaction of some kind. 

'The reaction involves the combination of many molecules to form a poly- 
mer and yet it follows the unimolecular reaction rate law. The explana- 

Blaikie, Canadian Patent 282,860 (1928). 



4714 K. HICKMAN AND W. WEYERTS Vol. 52 

tion is probably similar to that put forward by Christiansen and Kramers4 

to explain a simpler type of pseudo-unimolecular reaction. In this theory 
an  activated molecule is formed for every one that reacts. 

Benzoyl peroxide acts as a trigger catalyst in starting reaction chains 
and is itself destroyed in the process, since chemical tests always showed 
its absence when the catalyzed reaction stopped. Anti-catalysts, like 
sulfur, interrupt the reaction chains. The inhibition of the reaction by 
toluene may be explained on the basis that activated molecules give up 
their energy to the toluene molecules before they can combine with other 
vinyl acetate molecules. In other words, the toluene has the same effect 
in breaking reaction chains that walls exhibit in some homogeneous gas 
reactions. 

Summary 

The polymerization of pure vinyl acetate is shown to follow the uni- 
molecular rate law. In toluene solution the rate of reaction is retarded. 
The kinetics of the polymerization are explained on the basis of a chain 
reaction. Benzoyl peroxide acts as a trigger catalyst by initiating reac- 
tion chains. Sulfur inhibits the reaction. 

[COMMUNICATION NO. 439 FROM THE KODAK RESEARCH LABORATORIES] 

THE VACUUM FRACTIONATION OF PHLEGMATIC LIQUIDS 

In the course of some work on heavy oils the need has been encountered 
for an adjective which will convey the sense of "difficultly volatileJJ or 
"high boiling." Instead of inventing a word we have prepared to adapt 
a word which is already well known and, therefore, nearly self-explanatory. 
Such a word is "phlegmatic." Derived from the Greek $I X E r p a T c K 6 s, 
the original suggestion of "fieryness" has given place to the well-accepted 
sense of sluggishness, apathy or resistance to disturbance. Phlegmatic 
seems a particularly suitable word to denote high-boiling properties, and i t  
is the adjective which will be used throughout this paper. 

Many separations of phlegmatic liquids by fractional distillation could be 
performed more efficiently or more conveniently1 a t  very low pressures if i t  
were not for the uncertainty concerning the real pressure in the distilling 

Christiansen and Kramers, 2. physik. Chem., 104, 451 (1923). See also Hinshel- 
wood, "Xinetics of Chemical Change in Gaseous Systems," Clarcndon Prcss, Oxford, 
1929, Chapters V and VI. 

1 Bumping vanishes entirely a t  pressures below 1 mm. 
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apparatus. 'Mihere simple distillation is concerned, without reference to 
the temperature a t  which it occurs, high vacuum can be e m p l ~ y e d . ~  Where 
the temperature-pressure relation is important, as it is in fractionation, or 
in determining the purity of a distillate, or in identifying a material by its 
boiling point, then relatively poor vacua have hitherto been compulsory. 
It is safe to say that any boiling point recorded in the literature from or- 
dinary distillations a t  10 mm. is probably inaccurate by lo, and boiling 
points expressed at lower pressures are completely unreliable. 

This unrcliability is due chiefly to the lack of uniformity of pressures in 
the distillation apparatus. In using gaseous systems a t  atmospheric 
pressure i t  is usually assumed that the pressures are identical a t  all parts of 
the apparatus; a gage attached a t  any part will give information relating 
to the whole. Where the inter- 
nal conditions are dynamic rather 
than static, owing to  a flow of 
gases from one portion to an- 
other, the pressures no longer are 
equal in all parts, a difference of 
a niillimeter or so arising in the 
effort necessary to move the gases. 
The difference may be less than 
one-tenth of one per cent. of the 
total pressure, and is usually neg- 
lected. Under high vacuum con- 
ditions a difference of one milli- Fig. 1. 
meter may cause a difference of a 
thousand magnitudes in the density of gases in various parts of the system. 
Measurements of vapor tension taken at an appreciable distance from the 
thermometer region may be entirely untrustworthy. 

A full discussion of the factors contributing to false pressure readings 
has been given in a previous paper.2 It will be more useful now to  recall 
the phenomena which usually occur during the low pressure distillation 
of an organic liquid in the conventional distilling flask and condensing 
arrangements. In Fig. 1 a flask with rectifying column is shown connected 
by a side tube with a water-cooled condenser, a receiver, a manometer and 
an exhaust pump; a thermometer projects into the rectifying column t o  
just below the exit tube. 

We will place in the flask some comparatively phlegmatic liquid and com- 
mence distilling a t  a reduced pressure. A good material to distil would be 
butyl benzoate. With the pressure a t  60 mm., vapor would pass over excel- 
lently a t  170'. At 20 mm. the thermometer would register 132'; 
a t  10 mm. 117'; a t  5 mm. 104'; a t  3 mm. 97'; a t  1 mm. 92O and a t  

2 Hickman and Sanford, J .  Phys. Clzem., 34,637 (1930). 
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0.0 mm. 90". Now it is apparent that if the temperature-pressure rela- 
tion which subsists from 60 to 10 mm. still holds, as we have every con- 
fidence that i t  does, the temperature a t  0.0 mm. pressure should be about 
absolute zero. The usual mercury manometer cannot be read with the 
naked eye below 0.1 mm., but even a t  this pressure the boiling point of 
butyl benzoate should be less than 50'. Furthermore, the discrepancy in 
boiling point is not constant. If, with the manometer still reading sub- 
stantially zero, the heat is increased under the distilling flask, the mercury 
in the thermometer may rise 5 or 10" ; if the heat input is decreased, it will 
fall. 

The temperature measurements, within limits, are beyond reproach, 
but the pressure measurements are faulty. If the thermometer registers 

BOO, the pressure of a saturated vapor of 
butyl benzoate around the thermometer 
bulb must be about 1 mm. This vapor 
then passes into the condenser and turns 
into liquid in equilibrium with a vapor a t  
such negligibly small pressure that for our 
present purposes it is zero. More vapor 
from the flask continues to flow into this 
empty space, and the temperature a t  the 
thermometer of 60" is a measure of the 
pressure (1 mm.) which is necessary to 
force the quantity of vapor which survives 
each moment, into the passage from the 
flask, through the side tube and into the 
condenser. Supply more heat a t  the flask, 
and the pressure must rise to drive over 
the larger quantity of vapor. 

Many partial remedies will occur to the 
reader but drastic alterations to the equip- 

Fig. 2. 
ment are required for a complete cure. 

Two conditions should be satisfied if the data are to be recorded cor- 
rectly. The thermometer should be placed in an expansion of the column 
where the vapor has a relatively small velocity, and the manometer should 
operate directly froni the wall of this expansion. No passage filled with 
gas can communicate the pressure with an outside gageunless this passage 
and the pressure recording mechanism at  the end of i t  are kept a t  the same 
temperature as the bulb. 

It is simpler, therefore, to use a small portion of the condensate as it flows 
down the walls of the bulb as a manometric fluid and to provide a glass 
tube and recording scale a t  a convenient point on the bulb. The pressure 
side, however, is only one-half of a manometer, and it is necessary to  pro- 



duce a substantially perfect vacuum at  the other end8 This would mean, 
since the filling is to be of the material distilled, that the high vacuum must 
be applied whenever wanted, presumably by a separate pump. The com- 
plication can be avoided by forming the condenser into a simple condensa- 
tion pump, so that the vapor under treatment produces its own reference 
vacuum. We have given a still head (Fig. 2) modeled in this manner pro- 
longed trial in the laboratory and have found that with liquids of the class 
for which it was intended the head never 
failed to yield a better reference vacuum 
than could be communicated through the 
three-way stopcock from a separate pump. 

The differing capillary actions at the 
ends of the self-contained manometer re- 
quire that the zero point be found em- 
pirically by momentarily relieving the 
vacuum so that the liquid may equalize 
in the two limbs. The liquid in the auto- 
manometer requires scavenging frequently 
if the condensate varies in volatility or 
density as distillation proceeds. 

The still head can act as a diffusion 
pump only if the pressure at  the exit tube 
to the exhaust pump is considerably less 
than the pressure of vapor in the ther- 
mometer cavity and thus at  the male jet. 
I t  is therefore quite essential to have a 
sensitive manometer in the exhaust line. 
A McLeod gage and possibly a Pirani gage 
could be used, but we favor a direct 
reading liquid manometer. The mercury 
manometer is unreliable because of diffi- 
culty of reading minute changes in level Fig. 3. 
and because of the doubt which must al- 
ways exist as to the perfection of the reference vacuum in the closed limb. 
We have devised a butyl phthalate filled manometer which, although of 
somewhat complicated design, is simple and entirely reliable in use. I t  is 
illustrated in Fig. 3 and is described in an appendix to this paper. 

If the temperature of the liquid in the vacuum end is 80" less than at the pressure 
end, the vapor pressure will generally have decreased a thousand times and may be 
neglected. In chemical vacuum work it is a useful rule that any liquid which is under dis- 
tillation may itself be used cold as a manometric fluid, as a joint seal and a s  a film to pre- 
vent the escape of volatile matter from the inside of rubber pressure tube and from corks. 
We repeatedly perform distillations in special apparatus at 0.1 micron using matured 
rubber stoppers and rubber tubes soaked in the phlegmatic liquid under treatment. 
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The condensation still of Fig. 2 will only accommodate vapor pressures 
up to  1 mm. and liquids to be condensed a t  10 and 20 mm. will not generally 
survive on the high vacuum side of the jet unless the condenser is main- 
tained many degrees below zero centigrade. It then becomes convenient 
t o  operate with a positive air pressure in the system and attach an external 
phthalate manometer to the free arm at  the three-way stopcock of Fig. 2. 

The pressure difference between the thermometer cavity 
and the condenser is then added to the pressure regis- 
tered by the external manometer and the sum is the 
pressure at which the liquid is condensing. 

A very convenient unit for the accurate distillation 
of small samples ranging from 5 to 100 g. is that shown 
in Fig. 4. The thermometer bulb hangs in the largest 
cavity of the dephlegmating column and a side manome- 
ter tube passes from the lower region of the cavity to 
the top of the condensing chamber. The latter may be 
water cooled, but i t  is generally suEcient to employ the 
draught from a small fan. The condensate collects in 
the annulus and flows out of the delivery tube to the 
left. The correct boiling point a t  regions of rapid 
change of boiling point can be secured by preventing 
the distillate from escaping. I t  then collects in the 
annulus and flows back down the column. When the 
boiling point has been secured the side tube is unclipped 
and collection of the distillate resumed. Care must 
be taken that the cool distillate does not run down the 

0 
thermometer bulb from the annulus. The pressure in 
the thermometer cavity is, of course, the sum of the 
pressure in an external manometer and in the auto- 
manometer. 

The measurement of pressure by an external manome- 
ter becomes more and more accurate as the cavity 

Fig. 4. housing the thermometer and the passage therefrom to  
the condenser become larger. We thought, a t  one time, 

that the automanometer construction could be abandoned in lieu of another 
suitable design. It was soon found that very large openings allowed the 
vapor-air junction to oscillate in position, a t  one moment leaving the 
thermometer uncovered, a t  another heating the stem many centimeters 
up. The apparent boiling point would fluctuate correspondingly. It was 
preferable to confine the vapors in the cavity and allow them to issue into 
the vacuum system under a small positive pressure. The vacuum system 
then became a comparatively inexhaustible reservoir waiting to  receive 
products of decomposition or traces of volatile solvents. A much smaller 
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vacuum bottle could be used in series with the pump to  steady the pres- 
sure. 

It may be inquired which of the columns described is the most useful. 
Our first choice would be the -PUMP 

device pictured in Fig. 3. It 
may be noted that the point 
of novelty on which this paper 
is based is the application of 
a side tube near the thermome- 
ter region of any distilling 
flask. If the glass blowing diffi- 
culties are found insurmount- Fig. 5. 
able, quite good work can be 
done with the simple set-up pictured in Fig. 5. 

Experimental 

Distillations were performed in flasks of the type shown in Fig. 1. Two 
flasks were used, one with a side arm of usual bore, and one with a side 
arm of as large diameter as the neck of the flask itself. Butyl benzoate 
was employed as the liquid, and was boiled by an electric heater a t  three dif- 
ferent wattage inputs. The boiling points a t  each apparent pressure, as 
registered by an external manometer, are recorded in Table I. The real 
boiling points corresponding to the recorded pressure are included for com- 
parison and all the data are summarized in Figs. 6 to 8. It will be noticed 

TABLE I 
DISTILLATION DATA 

Boiling points in "C. 
Distillation 

rate, 
Type of Watts Pressure, mm , in  condenser, read by phthalate manometer drops 

still input 20 10 5 3 2 1 0.03 per min. 
Fig. 1, small side arm 40 131 6 116.8 104.4 98.8 95.8 95.8 95.2 30, start; 

47, finish 
50 132 0 117.3 106.2 102.8 102.4 101 5 100.0 60-80 
60 132.3 117.8 107.9 106.5 106.5 . . . . . . 69-95 

Fig. 1, large side arm 40 131.6 116.7 102.9 97.4 92.2 85.8 84.8 . . . 
50a 132.0 117.4 104.0 99.2 92.9 90.5 90.4 ... 
60 132.8 117.0 103.1 99.4 94.0 88.7 881 . . .  

Fig. 3, condensation still Variable 131.5 116.0 102.5 93 0 86.5 75.5 67.8 70 
tokeep At At At At At At At 
distn. rate 135 110 99 95 87 70 60 ... 
const. watts watts watts watts watts watts watts 

True pressures in condensation still, 
thermometer cavity . . . . 20 mm. 10.01 5.02 3.05 2.07 1.14 0.65 . . . 

True boiling points a t  the pressures in the top 
of horizontal column . . . . 131.5 116.0 102.5 92.8 86.0 74 3 24.7 . . . 

" An interval of ten to fifteen minutes was allowed after each adjustment of heat 
input to allow a steady distillation rate to be reached. In the case marked with the 
a readings were taken after a few minutes only. Their divergence from the other 
series shows how sensitive to external conditions are these low-pressure distillations. 
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that the true boiling point of 131.5 a t  20 mm. was disturbed by less than a 
degree a t  reasonable rates of distillation. A maximum discrepancy of a 
degree and a half occurred a t  10 mm. pressure but the errors became serious 
a t  5 mm. The large side arm flask gave an average inaccuracy of 5' at  
3 mm., and the readings were valueless below this pressure. The narrow 
arm flask failed substantially a t  5 mm. 

As a second exercise, a sample of commercial a-chloronaphthalene was 
distilled in the still of Fig. 3. The sum of the pressures in the external 
manometer and the automanometer was kept a t  10 mm. This ensured a 
pressure of exactly 10 mm. in the thermometer cavity. 

Boiling points in degrees centigrade. 
Fig. 6.--Butyl benzoate, Type of still, Fig. 1, 

small side arm. A, 40 watts; B, 50 watts; C, 60 
watts. 

The variation of temperature with the progress of distillation is shown in 
Fig. 9. It will be noticed that the points fall very smoothly on the curve 
drawn through them, indicating that little difficulty was encountered in 
obtaining true readings. The steep rise a t  the end of distillation is signifi- 
cant. The rise had to be accompanied with a corresponding increase of 
heat input to keep the pressure constant in the automanometer. Had the 
distillation been performed in an ordinary flask the real great rise in 
boiling point of the later fractions would have yielded a small apparent 



rise and the rate of distillation would have diminished until the pressure 
in the thermometer region had fallen suEciently to convey the more phleg- 

100 m -"- - - .- - 

I 
\, 

E' 5 
fi 4 

6 3 

131.5 116 102.5 92.8 86 74.3 24.7 
Boiling points in degrees centigrade. 

Fig. 7.--n-Butyl benzoate. Type of still, Fig. 2, 
condensation pump. Curve A, pressure read from 
external manometer plus pressure in automanom- 
eter, giving true pressure-temperature relation. 
Curve B, external manometer readings, yielding 
false pressure-temperature relation. 

matic vapor over with the same heat content. No indication of this would 
have been visible at the external manometer. 

TABLE 11 
EXPERIMENTAL DATA 

True pressure = sum of External Automanometer 
external manometer readings manometer readings, corrected Temgffature. + automanometer read~ngs readings to mm. C. 

10 6.65 3.35 118.9 
9 5.65 3.35 116.1 
8 4.65 3.35 113.4 
7 3.65 3.35 110.3 
6 2.65 3.35 107.2 
5 1.65 3.35 103.2 
4 0.65 3.95 98.7 
3 .05 2.95 93.8 
2 .05 1.95 85.8 
1 .05 0.95 71.3 
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The composition of the distillate was fairly constant from 20 cc. to  40 
cc., and as a further exercise the material was returned to the flask and 
distillation recommenced until 30 cc. had passed over. A by-pass tube 
was then inserted so that distillation could proceed cyclically, the material 
condensing being allowed to flow back into the still. The variation of boil- 
ing point with alteration of pressure was then examined and the data re- 

132 117 104 93 85 
Boiling points in degrees centigrade. 

Fig. 8.-n-Butyl benzoate. Type of still, 
Fig. 1, large side arm. Curve A, 40 watts; B, 50 
watts; C, 60 watts. 

corded in Table 11. Figure 10 shows the correct and incorrect pressure- 
temperature curves drawn from these data. The bent, incorrect curve is 
the one which would ordinarily have been obtained if the automanometer 
device had not been employed to correct the pressures read by the external 
manometer. 

It would be impressive to  perform a separation of two liquids under 
vacuum in an ordinary distilling flask and then show the improved result 
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by using our special apparatus, but after the ample proof of discrepancy 
which we have already given such a course seems hardly worth while. 
Instead, a separation of two liquids, butyl benzoate and ethyl phthalate 
mixed in equal proportions, has been made in a flask with a zoide side tube 
(Fig. I, and Table I, subdivision 2), and this separation has been compared 
with that obtained with the condensation still of Fig. 2. The wide side 
tube still was operated with 0.1 mm. pressure in the condenser first a t  
constant voltage input (Curve A, Fig. l l ) ,  and then a t  an attempted con- 
stant distillation rate (Curve B), but no steady thermometer readings could 
be obtained. An absolutely constant distillation rate was difficult to  

20 40 60 80 100 
Distillate, cc. 

Fig. 9.-cu-Chloronaphthalene, 10rnm. of mercury. 

secure, and the slightest variation altered the thermometer readings by 
many degrees. The false maximum at 80 cc. is due to this cause. At 10 
mm. (Curve C) better results were obtained. The excellent separations 
secured a t  0.65 mm. and a t  10 mm. in the condensation still are shown in 
Fig. 12. The temperatures are as concordant a t  a fraction of a millimeter 
as a t  10 mm. The operator would have no difficulty in deciding where to 
make cuts or what the exact temperature-pressure relation was a t  each 
cut. 

As a final exercise, about fifteen organic liquids were distilled which had 
boiling points ranging from 60 to 200' a t  less than 20 mm. pressure. 
The samples showed boiling points which were, in general, considerably 
lower than those stated in the literature. 

Further Considerations.-The fall of pressure existing a t  the jet is 
not the only pressure difference within the still during distillation. At 



4724 K. HICKMAN AND W. WEYERTS Vol. 52 

each constriction in the dephlegrnating column there is a readily measurable 
drop in pressure which may give useful information. The early experimen- 
tal column of the type shown in Fig. 2 had six manometers and correspond- 
ing thermometers inserted, but was later abandoned in favor of a distillation 
unit with only three thermometers: One in the liquid in the boiling flask, 

Temperature in degrees centigrade. 
Fig. 10.-A, true temperature-pressure relation 

obtained by plotting the true pressures (sum of 
external manometer readings and automanometer 
readings) against the reciprocals of the absolute 
temperature. B, false temperature-pressure re- 
lation obtained by plotting the apparent pressures 
(external manometer readings) against the recipro- 
cals of the absolute temperatures. 

one in the lowest bulb of the column, and the third in the top bulb before 
the condensation head. Differences in reading between the bottom and 
middle thermometer indicated the purity of the liquid, while the top and 
middle thermometers coupled with manometer readings gave, when plotted 
with pressures against inverse of temperature, a good indication of the 
slope of the vapor-pressure curve for each fraction. 

In the general reaction Aa + Bb = AB + ab where AB is a much larger 



moiecule than ab, it is unlikely that either Aa, Bb or ab, will have the 
same slope of vapor pressure curve as AB, which will often be steeper, show- 
ing a greater depression of vapor pressure as the temperature falls. It is 
therefore an advantage to have a sheet of graph paper at  hand while dis- 
tilling, and plot the two or three pressure-temperature points for each frac- 
tion. The divergence in slope of the connecting lines will show whether a 

20 40 60 80 100 
Distillate, cc. 

Fig. 11.-Mixture of N butyl benzoate + ethyl 
phthalate, type of still, Fig. 1, large side arm. A, 
at 0.1 mm. Hg heat input was held constant 
throughout; B, at 0.1 rnm. Hg heat input varia- 
ble, distillation rate constant; C, at 10 mm. Hg 
heat input was held constant throughout. 

better separation is likely to occur when the pressure is raised or when it is 
lowered. Often the separation is better at the lowest pressures. 

The purification of commercial butyl phthalate is a case in point. The 
likely impurities are butyl alcohol, butyric acid, phthalic anhydride and 
butylphthalic acid. At pressures above 20 mrn a constant-boiling mix- 
ture distils, which, although it contains over 90% of butyl phthalate. is 
useless for vacuum pump purposes. When the distillation is performed a t  
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0.64 mm. the butyl alcohol and butyric acid are sucked into the pump, the 
phthalic anhydride, which now boils a t  a lower temperature than the phtha- 
late, deposits in a crystalline mass in the condenser, from which position it 
may be washed down with the first runnings of phthalate. A large middle 
fraction of pure butyl phthalate comes over, leaving a residue of butyl 
phthalate and butylphthalic acid which could be worked up under a lower 
pressure were i t  not that the crude phthalate is less expensive than the 
labor involved. 

HG. 

PREWRE-.65 M.M. HG. 

74 

20 40 60 hO 100 
Distillate, cc. 

Fig. 12.-Mixture of n-butyl benzoate and ethyl 
phthalate, type of still, Fig. 3. 

The statement that the phthalate was distilled a t  0.64 mm. is derived 
from a knowledge that the specific gravity of n-dibutyl phthalate is 1.014 a t  
25' and that the column in the manometer attached to the thermometer 
cavity was 8.5 mm. high, whence 

A convenient way to describe the boiling point of any pure liquid would 
be in terms of the vapor pressure needed to support a unit height of a 
column of its own substance. Thus, butyl phthalate boils a t  1 3 8 O  a t  a 
pressure supporting a column 8.5 mm. high of liquid butyl phthalate. We 
can denote this pressure by some convenient term, such as auto-pressure, 
and use the abbreviation A. P. Rutyl phthalate boils a t  1 3 8 O  a t  0.64 
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mm., or 13S0 a t  8.5 mm. A. P. Such a system of nomenclature would 
allow the pressure of any homogeneously boiling liquid to be described in 
conveniently-sized length units which are repeatable by 
anyone else without reference to tables. For conver- 
sion to the common mercury pressure scale, it is neces- 
sary to know the specific gravity of the liquid. Part 
of any pure preparation may be reserved for such a 
determination. A convenient means for securing ap- 
proximate information of sufficient accuracy for the 
work is shown in Fig. 13. Distilled water and the liquid 
are placed, one in each cup, and slight suction applied 
by the rubber ball. The liquid rises to a characteristic 
height which may be compared with the height of the 
water column. The menisci a t  the lower ends of the 
U-tubes compensate for surface tension errors. 

We have encountered an interesting source of error. 
As the liquids become very pure the surface tension 
alters and the liquid may cease to wet glass. Certain 
samples of benzyl phthalate appeared to suffer a sudden 
diminution of vapor tension. The liquid receded in 
the manometer and the meniscus flattened, occasionally 
becoming convex like mercury. Touching the tube 
with a lighted match caused the liquid to flow evenly 
and resume its normal position. It is necessary to be 
sure that the liquid under treatment thoroughly wets 
the manometer. It may be useful to recapitulate the 
factors which contribute to securing correct boiling 
points. They are: (1) a dephlegmating column be- 
tween flask and thermometer to remove superheated 
vapors; (2) a cavity or expansion in the column where 
the thermometer bulb is situated; (3) a limited opening 
between the thermometer cavity and the condenser; 

Fig. 13. 
(4) a manometer situated on the side of the ther- 
mometer cavity and operated by the condensate; (5) a sensitive external 
manometer. 

Summary 

It has been shown that the usual distillation apparatus does not give 
true boiling points a t  low pressures. 

Apparatus has been described which enables true boiling points to  be 
secured. 

A number of distillation experiments under vacuum have been described. 
A system of nomenclature for high boiling liquids has been suggested. 
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APPENDIX 
A DIRECT READING OIL MANOMETER 

Referring to Fig. 3, a simple U-tube is protected with splash bulbs at 
either end and is connected on the left-hand measuring side through a well- 
ground stopcock to the vacuum line. The other limb, in which a compara- 
tively perfect reference vacuum is to be maintained, is connected with a 
miniature butyl phthalate condensation pump. The jets of this pump are 
only three or four millimeters in diameter and are surrounded by a cooling 
jacket communicatingwith a relatively large bulb paintedblack and situated 
above the main structure. The jacket is just completely filled with alcohol, 
the bulb is evacuated of all but the saturated vapor above the liquid and 
is then sealed off in the blow pipe flame. Hot vapors condensing a t  the 
jet cause the alcohol to boil a t  slightly above room temperature and send 
vapors into the flask, where they condense and return as liquid. The large 
surface of the bulb then becomes available for radiating the heat passing 
through the small surface of the pump. The jets are supplied with phtha- 
late vapor through an electrically warmed and lagged tube from a boiling 
bulb some distance below. The condensate with entrained gases falls 
down a narrow tube having a preliminary dropping device which forms a 
secondary Sprengel backing pump. The gases are discharged into a storage 
bulb which connects by way of a second stopcock with the vacuum line. 
On commencing to use the manometer, the entrance tube is fastened to the 
pump, both stopcocks are opened, and the liquid in manometer and boiling 
bulb are thoroughly degassed. Presently, the condensation pump starts 
operating and the column in the reference limb rises a little, indicating that 
a good vacuum has been secured. The alcohol boils merrily into the 
black radiator bulb. The stopcocks are now closed, and the gage trans- 
ferred to its place of operation. The left-hand stopcock is opened and the 
gage becomes available for readings. It is always shut off under vacuum 
The reference side storage bulb should be re-evacuated every few days of 
continued use. 

ROCHEQTER, NEW YORK 
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THE DECOMPOSITION OF CITRIC ACID BY SULFURIC ACID 

The effect of inhibitors on the decomposition of certain organic acids 
by sulfuric acid has been explained on the basis of the theory of negative 
catalysis proposed by T a y l ~ r , ~  who concluded from Lichty's study3 of 
the retarding influence of water on the velocity of decomposition of oxalic 
acid that inhibitors functioned as negative catalysts by reducing, through 
molecular compound formation, the active mass of one or both of the 
reactants. Taylor's theory has been substantiated more or less by experi- 
mental investigations of the rate of decomposition of formic, malic, o- 
benzoylbenzoic and triphenylacetic acids in sulfuric acid by SchierzI4 
Whitf~rd,~ Gleason and Dougherty and Dittmar,' respectively. How- 
ever, the results obtained in these studies are not always in agreement 
with what might be expected on the basis of the theory. A study of the 
effect of inhibitors on the decomposition of citric acid by sulfuric acid 
was undertaken in the hope of clearing away some of the present incon- 
sistencies and for the purpose of testing still further the theory of nega- 
tive catalysis involved in these reactions. 

The reaction between citric acid and sulfuric acid first was studied about 
1839 by Robiquet8 who observed that on heating the two a gas was evolved 
which at  first consisted of carbon monoxide and later of a mixture of that 
gas with carbon dioxide. Various workers investigated the reaction with- 
out throwing any light on it until, in 1884, it was finally explained by 
von Pe~hmann.~ Sulfuric acid decomposes citric acid into carbon mon- 
oxide, water and acetone-dicarboxylic acid according to the equation 

(CHzCOOH)zC(OH)COOH -+ CO + Hz0 + (CHaCOOH)2CO 
Acetone-dicarboxylic acid, which was isolated by von Pechmann, decom- 
poses rather readily into acetone and carbon dioxide, so that its detection 
had escaped earlier investigators. Fortunately, the velocity of decompo- 
sition of acetone-dicarboxylic acid in sulfuric acid a t  the temperatures 
employed in the present research is extremely small compared to the rate 
at which citric acid decomposes. I t  was necessary to correct for the 

National Research Fellow in Chemistry. 
Taylor, J. Phys. Chem., 27, 322 (1923). 
Bredig and Lichty, 2. Elektroclaem., 12, 459 (1906) ; Lichty, J. Phys. Chem., 11, 

225 (1907). 
Schierz, THIS JOURNAL, 45, 447 (1923). 
Whitford, ibid., 47,953 (1925). 
Gleason and Dougherty, ibid., 51,310 (1929). 
Dittmar, J. Phys. Chem., 33, 533 (1929). 

8 Robiquet, Ann., 30,229 (1839). 
"'on Pechmann, Ber., 17,2542 (1884). 
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carbon dioxide evolved from acetone-dicarboxylic acid in only three slow 
decompositions a t  35'. 

Experimental Part 
Preparation and Purification of Materials.-U. S. P. citric acid was recrystallized 

from water three times and dried over calcium chloride in a desiccator. The resulting 
hydrated citric acid crystals melted a t  153-154", which agrees very well with the value 
of 153" given by Meyer.Io 

Four lots of sulfuric acid corresponding to 100.00, 100.44, 100.50 and 100.52% 
were used. These acids were prepared by mixing c. P. 95-96% sulfuric acid with Baker 
and Adamson's reagent Soyo fuming sulfuric acid, and subsequently analyzed, using 
due precautions to prevent the loss of sulfur trioxide or the absorption of moisture, by 
titration with standard alkali and by precipitation as barium sulfate. Samples of the 
lot which analyzed 100.00% HzSOa were found to  have a melting point of 10.40 O, which 
is in good agreement with the values obtained by previous investigators." The acids 
containing excess sulfur trioxide were mixed with the calculated amount of 95.44% acid 
required to give exactly 100% sulfuric acid and the melting point of the resulting mix- 
tures was found to be 10.42". Moreover, when used for the determination of the 
velocity constant a t  a particular concentration of acid, the various lots of acid gave 
concordant results. Sulfuric acid of any desired concentration between 95.44 and 
100.52% was prepared by mixing the calculated quantities of the dilute and fuming 
acids. These acids were run out of burets filled by an  all-glass siphoning system from 
ground glass-stoppered storage bottles. To replace the acid withdrawn, air was ad- 
mitted into the storage bottles by aspiration through two bubbling bottles containing 
100 yo sulfuric acid. 

Apparatus and Method of Procedure.-The velocity of decomposition of citric acid 
in sulfuric acid was determined by observing the volume of carbon monoxide evolved 
a t  various times during an experiment. The reaction was carried out in 50-cc. round- 
bottomed pyrex flasks supported in a shaking device similar to  that designed by Wal- 
ton.12 The agitator was so arranged that the flasks were immersed completely in a 
thermostat whose temperature was regulated to  within *0.02". The thermometer 
employed was calibrated against a Bureau of Standards and a P. T. R. thermometer. 
Supersaturation of the reaction mixture with carbon monoxide was prevented by adding 
short pieces of glass rod to the flasks. Capillary tubing conducted the gas evolved to 
water-jacketed burets which were maintained a t  the same temperature as the thermostat. 

The dilute and concentrated acids (total volume, 20 cc.) were run from their 
respective burets into the reaction flasks while the flasks were stoppered onto the buret; 
the pressure in the flasks was first slightly reduced so as to permit flow of the acid. 
The citric acid, contained in a glass capsule supported in the neck of the flask, could be 
dropped into the sulfuric acid when the latter had come to the temperature of the thermo- 
stat. I n  the preliminary experiments solid citric acid was used but the velocity con- 
stants obtained were not concordant, varying with the size of the citric acid particles 
and the volume of solvent. This difficulty was finally overcome by using a concentrated 
solution of citric acid in water (58.43% acid and 41.57% water). From 0.25 to 0.50 
cc. of this solution (molality of citric acid in sulfuric acid =0.027 to 0.052) was accu- 
rately measured out into the capsules from an  arbitrarily calibrated microburet. Con- 
cordant results were then readily obtained. By varying the experimental procedure 
i t  was shown that the heat evolved on adding the aqueous solution of citric acid to the 

lo Meyer, Ber., 36,3599 (1903). 
l 1  Whitford, THIS JOURNAL, 47, 953 (1925). 
l2 Walton, Z. physik. Chem., 47, 185 (1904). 
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sulfuric acid had no effect on the reaction velocity. Later a solution of citric acid in  
approximately 80y0 sulfuric acid was used in order to  eliminate any possibility of citric 
acid crystallizing before dissolviiig in the reaction mixture. Obviously, the water thus 
added with the citric acid was always included in calculating the strength of the  sulfuric 
acid. 

Results 

Completeness and Order of Reaction.-In the preparation of acetone- 
dicarboxylic acid by the decomposition of citric acid in fuming sulfuric 
acid yields of 92-97% have been reported.I3 The decompositions effected 
in this research always gave the theoretical yield of carbon monoxide 
within the limits of experimental error, except that in solutions contain- 
ing more than about 0.5y0 sulfur trioxide the reaction is only about 80% 
complete. For example, four experiments a t  2.5' in 96.46% H2SO4 gave 
an average of 46.65 cc. of carbon monoxide compared with the theoret- 
ical yield of 46.60 cc., while from four samples at  1 5 O  in 97.34% H2S04 
was evolved an average of 41 .B3 cc. compared with 41.70 cc. for quanti- 
tative decomposition. At the end of the experiments the sulfuric acid 
was nearly always colorless, indicating the absence of side reactions due 
to oxidation. 

The decomposition of citric acid, although undoubtedly involving re- 
action with sulfuric acid, follows the unimolecular law. This was indi- 
cated by the "constancy" of the velocity constants obtained a t  various 
times in any one experiment as illustrated by the data given in Table I. 
Tliat the velocity constants were independent of the rate of shaking was 
demonstrated by the use of four shaking speeds. 

TABLE I 
,4 TYPICAL EXPERIMENT 

Temp., 35"; molality of 11.0, 167 (97.08% HtSOn); a = 42.4 cc. 
t x ( I - z  k x 103 

2 7 . 8  34.6 102 
4 14.2 28.2 102 
ti 19.2 23.2 100 
8 23.4 19.0 100 

10 26 8 15.6 100 
12 29.4 13.0 99 
14 31.7 10.7 98 
16 33.4 9 0 97 
22 37.3 5 . 1  96 

At 50% decomposition k X lo3 = 100 

The values of k in the above table were calculated by means of the 
equation for a unimolecular reaction 

2.303 a k = --- log -- 
t a - x  

13 "Organic Syntheses," John Wiley and Sons, Inc., New York, 1925, Vol. V, p. 5 
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Volumes of carbon monoxide were substituted for concentrations of citric 
acid and the time t is in minutes. The concentration of water has been ex- 
pressed in molality, i. e., the number of moles of solute per 1000 g. of solvent. 

It will be observed that the velocity constants in Table I fall off slightly. 
This is due to the water formed during the reaction, for at higher concen- 
trations of sulfuric acid, where the reaction is much more sensitive to 
small amounts of water, the velocity constants decreased still more, while 
in more dilute solutions the values of k scarcely changed a t  all. The 
third product of the decomposition, acetone-dicarboxylic acid, may also 
contribute to the falling velocity constant. The addition of 0.047 molality 
acetone-dicarboxylic acid (equivalent to that formed during an experi- 
ment) to a reaction mixture containing 1.04 molality water changed 
k X lo3 from 78.2 to 65.3 at  25O, whereas an equal quantity of water 
would decrease k X lo3 to 67.7. Thus this acid appears to be fully as 
strong an inhibitor as water. 

Independence of the velocity constant of the initial concentration of 
the reactant is another criterion of a unimolecular reaction. In 98.16% 
H2SO4 a t  25' the average values of k X lo3 obtained with initial concen- 
trations of citric acid of 0.051 and 0.027 molality were 77.2 and 80.5, 
respectively. The difference is small and almost within the limits of ex- 
perimental error. The reaction is also apparently homogeneous since the 
addition of 5 g. of clean, dry sand to the reaction mixture had no effect. 

The Effect of Water on the Reaction Rate.-In the hope of deterrnin- 
ing the mechanism of the inhibition by water and other substances, a 

Water, % 
0 
0.052 

.16 

.25 

.33 

.45 

.71 
1.00 

TABLE I1 
EFFECT OF WATER ON THE REACTION VELOCITY AT 15' 

Molality of water k X 1 0 8  Water, % Molality of water k X 108 

0 153 1 .2'7 0.72 37.1 
0.056 212 2.14 1.22 12.4 
.10 215 2.66 1.52 7.8 
.14 210 3.29 1.89 4.32 
.22 180 3.93 2.27 2.52 
.38 105 4.81 2.80 1.27 
.45 83.4 

TABLE I11 
EFFECT OF WATER ON THE REACTION VELOCITY AT 25O 

Molality of water k X 10s Water, % Jofolality of water 

0 440 1.27 0.72 
0.029 630 1.84 1.04 
.09 740 2.41 1.37 
.14 795 2.97 1.70 
.18 760 3.54 2.03 
.25 650 4.44 2.58 
.40 387 5.23 3.07 

l iH 248 
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TABLE I V  

EPP&LT OF WATER ON THE REACTION VELOCITY AT 35 O 
Water, % Molnlity of water k X 10' Water, 96 Molality of water 

0 0 1210 1.18 0.66 
0.10 0 056 1700 1.72 0.94 

.19 .10 1940 2.42 1.38 
'28 .16 2090 2.92 1.67 
.40 22 2120 3.54 2 .04  
.50 28 1920 4.39 2.55 
.70 .38 1360 5.18 3 03 

study was made of the influence of water on the velocity of decomposi- 
tion. The data obtained are summarized in Tables 11, 111 and IV, and 
are represented graphically in Fig. 1. Each value of the velocity constant 
is the average of those ob- 
tained at  50% decomposition 3.60 

in from three to twelve ex- 
periments. 

From the data it can readily 2.70 
be seen that small amounts 
of water in excess of a certain 1. - 
minimum concentration have 
a very marked retarding ef- 2 1.80 
fect on the reaction rate, the 
relative effect decreasing as s" 
the concentration of water in- 
creases. Similar results have 0.90 
been obtained by previaus in- 
vestigators, part icularly 
Lichty, who found the decom- 
position of oxalic acid to be 0 

even more sensitive to water. 0.6 0 0.6 1.2 1 8  2.4 3.0 
SOa* 4HzO 

The curves for the reaction Molality of inhibitor. 
rate at various concentrations Fig. 1.-Effect of sulfur trioxide and of water on 
of water at 15. 25 and 35O the reaction rate. 
(Fig. 1) exhibit a maximum 
at molalities of about 0.10, 0.14 and 0.20, respectively. This entirely un- 
expected result has not been observed with the other acids that have been 
studied and was a t  first rejected as being due to the measurement of the rate 
of solution of citric acid in sulfuric acid instead of the rate of reaction. The 
work was repeated using, instead of a water solution of citric acid, an 80% 
sulfuric acid solution in which the decomposition at  ordinary temperature is 
negligible. On dropping the capsule containing 0.7 cc. of this solution into 
20 CC. of approximately 100% sulftlric acid there can be no crystallization or 
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precipitation of the citric acid since the solubility14 of citric acid in aqueous 
solutions of sulfuric acid reaches a minimum at  approximately 60% acid 
and then increases with increase in sulfuric acid content. It was thought 
that possibly the maximum really corresponded to 100yo sulfuric acid 
and that the analysis of the acid was incorrect, but a careful rechecking 
of the analysis gave the same result as found originally. Furthermore, 
the melting point of a sulfuric acid mixture made up exactly as in carry- 
ing out a decomposition in 100% sulfuric acid, except for the replacement 
of the aqueous citric acid solution by a carefully weighed equivalent 
amount of water, was 10.42', corresponding to the melting point of 100% 
acid. In addition the velocity of decomposition of oxalic acid a t  25' 
was measured in a 100% sulfuric acid solution made by mixing the calcu- 
lated amounts of 100.50% and 95.44% acids. Since oxalic acid yields 
equal volumes of carbon monoxide and carbon dioxide, the gases were 
collected over a saturated magnesium sulfate solution which had been 
saturated with carbon dioxide a t  25'. The average of three experiments 
gave k X lo3 = 18.0 a t  50y0 decomposition. By interpolation the data 
of Lichtyl5 give 17.4 and 12.0 for k X lo3 a t  50% decomposition in 100% 
and 99.99% sulfuric acids, respectively. Thus the acid mixtures used in 
these experiments were in error, on the basis of Lichty's acids, by less than 
0.01% sulfuric acid, which is much less than the error involved in analysis. 

It was observed that the inhibiting effect of water might be decreased 
by the addition of another substance. At 25' in the presence of 0.56 
molality water k X lo3 is 248. When only 0.032 molality anhydrous 
oxalic acid was added to such a mixture, k X lo3 became 260. Possibly 
the oxalic acid removes some of the water through hydrate formation. 

The Effect of Sulfur Trioxide on the Reactim Rate.-Since Lichtyl6 
observed that the decomposition of oxalic acid proceeded more rapidly 
in a solution containing 1% excess sulfur trioxide than in 100% sulfuric 
acid, while Whitford" found that 10jo free sulfur trioxide had no effect 
on the velocity of decomposition of malic acid and 12.5% decreased the 
rate to about 60% of that observed in 100% sulfuric acid, it was impor- 
tant to determine the effect of the free oxide in the case of citric acid. 
The data obtained are given in Table V and shown graphically in Fig. 1 

TABLE V 
EFFECT OF SULFUR TRIOXIDE O N  THE REACTION RATE 

k X 103 
SOa, % Molality of So1 15' 25' 3 5 O  

0 0 153 440 1210 
0.27 0.034 78 . . . 530 

.67 .084 6 . 8  27.4 94 
1.15 .15 . . . 11.3 . . 

l4 Knox and Richards, J. Chem. Soc., 115,520 (1919). 
l6 Lichty, J. Phys. Chem., 11, 225 (1907). 
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as a continuation of the curves for the effect of water. The marked in- 
hibiting effect of sulfur trioxide, even greater than water, was rather un- 
expected but it fits in very well dith the finding of the maximum discussed 
in the preceding section. 

The Effect of Temperature on the Reaction Rate.-Schierz and Ditt- 
mar indicate that the temperature coefficients for the decomposition of 
formic and triphenylacetic acids change very irregularly with the con- 
centration of the sulfuric acid. To show that these apparent irregulari- 
ties are probably due to experimental error the temperature coefficients 
for the decomposition of citric acid have been calculated. The curves 
in Fig. 1 were plotted on a much larger scale and the value of the tem- 
perature coefficient at  various molalities of water was readily obtained 
from the distance between two curves. From the integrated form 

E =  1.98 Tz X TI X 2.303 log k z / k ~  
T2 - 7-1 

of the Arrhenius equation expressing the relation between the absolute 
temperature and the reaction velocity constant, k, the "critical increment" 
or "energy of activation," E (in calories), was calculated. The results 
are shown in Table VI, where each value of the temperature coefficient 
is the average of those obtained from three separate sets of curves. 

TABLE VI 
TEMPERATURE COEFFICIENTS OF THE WATER INHIBITED REACTION 

Temperature coefficient "En in calories 
Molality of water kzs/k15 kas/kzr 15-25' 25-35' 

0 . 4  3.92 3.53 23200 22900 
. 6  4.09 3.70 23900 23800 
. 8  4.29 3.70 24800 23800 

1 . 0  4.30 3.76 24800 24100 
1 . 2  4.31 3.81 24800 24300 
1 4  4 27 3.86 24700 24 600 
1 6  4.29 3.92 24800 24 800 
2 . 0  4 .32  3.92 24900 24800 
2 2 4.31 4.03 24800 25300 
2 . 4  4.29 4.09 24800 25600 
2 . 6  4 .34  4.13 24900 25800 
2 . 8  4 41 4.12 25200 25700 

A study of the table reveals the fact  Lhat for the same temperature 
interval the temperature coefficient increases as the amount of water 
increases, although several values are slightly less than that a t  the pre- 
ceding smaller molality of water. These differences, however, are com- 
paratively small and well within the limits of experimental error. Further- 
more, it is very difficult to draw a smooth curve that will average the 
errors in all the experimental points. The large irregularities observed 
by the other investigators do not manifest themselves in this investiga- 
tion; in fact, when the temperature coefficients for the decomposition of 
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triphenylacetic acid are calculated as above from Dittmar's data, the 
same rather regular increase in tempe5ature coefficient with increase of 
water is obtained. The value of the critical increment, theoretically, 
is practically a constant quantity for a given reaction and it is interesting 
to note that there is fairly good agreement between the two values of the 
activation energy at a given concentration of water. 

Discussion 
The decomposition of citric acid, as with the other organic acids investi- 

gated, is probably best explained by the assumption of an unstable sul- 
furic acid-citric acid complex. From a study of the solubility of citric 
acid in various concentrations of aqueous sulfuric acid, Knox and Rich- 
ards14 concluded that the two acids form a molecular compound. That 
the compound is sufficiently stable so that indications of its presence may 
be obtained might seem to be an argument against its playing a role in 
the decomposition of citric acid. However, in the aqueous solutions 
employed, the unstable citric acid-sulfuric acid complex is stabilized by 
water, which is a powerful inhibitor of the decomposition, possibly through 
hydration, of which the solubility measurements give no indication. 

Whitford and Dittmar have pointed out that the velocity of decompo- 
sition in sulfuric acid of the organic acids already investigated is apparently 
related to the strength of the acid as measured by its acid dissociation 
constant. On this basis the rate of reaction in the case of citric acid 
should be less than for malic acid, whereas experimentally a considerably 
higher value is found. This would indicate that there are other factors 
besides acid strength to be taken into consideration. 

Since in 100% sulfuric acid there undoubtedly exists the equilibrium16 
represented by the equation HzS04 Hz0 + SOa, and since sulfur 
trioxide was found to be a more powerful inhibiting agent than water, 
an explanation readily suggests itself for the maximum in the curves show- 
ing the effect of water. As successively smaller amounts of water are 
used the reaction mixture approaches 100% sulfuric acid and the ve- 
locity of decomposition increases until a point is reached a t  which there 
is sufficient dissociation of the sulfuric acid into sulfur trioxide so that 
the accelerating effect produced by decreasing the water content is more 
than offset by the stronger inhibiting influence of the sulfur trioxide, 
and the reaction rate decreases. In agreement with this explanation, 
the maximum in the curves in Fig. 1 is shifted in the proper direction by 
an increase in temperature. 

The action of the inhibitors may be explained on the basis of Taylor's 
theory2 of negative catalysis in which it is postulated that the added sub- 
stance decreases the concentration of the active mass of one or more of 

"jChristiansetl, J .  Phys. Chem , 28, 145 (1924), Trans. Faraday Soc., 24, 596 (1928) 
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the reactants through compound formation. In the present case water 
and sulfur trioxide would be assumed to form molecular complexes with 
either sulfuric acid or citric acid, or with both. Such compounds are, 
o f  course, well known. 

The mechanism of inhibition in the decomposition of organic acids by 
sulfuric acid will be discussed in detail in a later paper. 

The author takes great pleasure in acknowledging his indebtedness to 
Professor Hugh S. Taylor for his kindly interest in the problem and to  
Princeton University for supplying adequate facilities for its prosecution. 

Su- 
The decomposition of citric acid by sulfuric acid has been found to  be 

quantitative and to follow the unimolecular reaction law. 
Small amounts of water and of sulfur trioxide both have a pronounced 

inhibiting influence on the velocity of decomposition. 
As the concentration of sulfuric acid was increased, the reaction rate 

increased until a maximum, varying with temperature, was reached; 
further removal of water decreased the rate. No such maximum has pre- 
viously been reported. 

For a ten degree rise of temperature the temperature coefficient is ap- 
proximately 4, and i t  increases fairly regularly as the water content of the 
sulfuric acid is increased. 

The decomposition is assumed to proceed through the formation of an 
unstable citric acid-sulfuric acid molecular complex. Inhibition by water 
and sulfur trioxide may be accounted for on the basis of Taylor's theory 
of negative catalysis. 

PRINCETON, NEW JERSEY 

[CONTRIBUTION PROM THE FRICK CHEMICAL LABORATORY, PRINCETON UNIVERSITY ] 

THE EFFECT OF SULFUR TRIOXIDE ON THE DECOMPOSITION 
OF OXALIC ACID BY SULFURIC ACID 

BY EDWIN 0. WIIG~ 
RSCSXVED AOCIIJST 11, 1930 PUBLISHED DECEMBER 18, 1930 

The effect of water, and certain other substances, on the decompo- 
sition of oxalic, formic, malic, o-benzoylbenzoic, triphenylacetic and citric 
acids2 by sulfuric acid is to inhibit to a marked degree the velocity of 
reaction. This would indicate that the reaction mechanisms are analo- 
gous. There is one notable exception, however, in the similarity of the 
inhibiting effects of added materials. ~ i c h t ~ ~ ~  observed, qualitatively, 

National Research Fellow in Chemistry. 
(a) Bredig and Lichty, 2. Elektrochem., 12, 459 (1906); (b) Lichty, J.  Phys. 

Chem., 11, 225 (1907) ; (c) Schierz, THIS JOURNAL, 45, 447 (1923) ; (d) Whitfard, ibid., 
47, 953 (1925); (e)  Gleason and Dougherty, ibid., 51, 310 (1929); (f) Dittmar. J .  
Phys. Chem., 33, 533 (1929); (g) Wiig. THIS JOURNAL, 52,4729 (1930). 
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that 1% of sulfur trioxide greatly increased the velocity of decomposi- 
tion of oxalic acid whereas whitfordZd found 1% of sulfur trioxide to 
have no effect, while 12.5% decreased the reaction rate in the case of 
malic acid to about 60% of that observed in 100% sulfuric acid. In  the 
decomposition of citric acid

zg sulfur trioxide has a very marked inhibit- 
ing influence, much greater than water. It was pertinent, therefore, for 
the theories of negative catalysis involved in these reactions to deter- 
mine quantitatively the effect of sulfur trioxide on the rate of decompo- 
sition of oxalic acid. 

Apparatus and Materials 
The velocity of decomposition of oxalic acid was followed by observ- 

ing the volume of gas (carbon monoxide and dioxide) evolved a t  various 
times during an experiment. The apparatus and procedure employed 
were the same as in the previous in~est igat ion.~~ The sulfuric acid 
mixtures were made up as before, except that those marked "approxi- 
mate" in the data were prepared by mixing the calculated weights of 
30% fuming and c. P. 96y0 acids. These mixtures may be in error by as 
much as 2% sulfur trioxide but are sufficiently accurate to indicate the 
trend of the velocity constants with change in acid concentration. The 
oxalic acid (Kahlbaum's "zur Analyse") was dissolved in 95% sulfuric 
acid, in which the decomposition is negligible, and 0.7 cc. of this solution 
used in an experiment. Where necessary the water thus added was taken 
into consideration in calculating the final sulfuric acid concentration. 

Results 
As Lichty has shown that the decomposition of oxalic acid follows the 

unimolecular law, the velocity constants were calculated by the usual 
equation. The data obtained a t  15 and 25" are given in Table I, where 

TABLE I 

EFFECT OF SULFUR TRIOXIDE ON THE VELOCITY OP DECOMPOSITION OF OXALIC ACID BY 

SULFURIC ACID 

Temp., OC. so8, % Molality of So3 k X 10s 

25 0 0 18.0 
1.11 0.140 930 
1.47 .I86 1050 
1.60 .203 1190 
4" .6 1800 
8" 1.1 1960 

14" 2.0 2040 
30" 5.3  1960 

15 4" 0.5  1130 
8" 1.1 1260 

14" 2.0 1430 
30" 5 .3  1290 

" Approximate composition. 



each value is the average of k X los at  50yo decomposition obtained in 
three or four experiments. In 100yo sulfuric acid k X loa is 18.0, which 
agrees very well with the value of 17.4 obtained by interpolation from 
Lichty's data. The results given in the table, together with the data of 
Lichty, are represented graphically in Fig. 1. For comparison part of 
the analogous curve for citric acid has been reproduced in the figure. 

It will be observed that the 
rate of decomposition of ox- 3.60 

alic acid in sulfuric acid in- 
creases with increase in sulfur 
trioxide until a maximum is 2.70 
reached in about 14yo fuming 
acid, after which the rate falls _. 
off slightly. As the velocity 2 
of decomposition is extremely 2 1.80 

rapid at 25O (t,,, is of the order M 

of one-third minute at  14% 3 
SOS), a series of experiments 
was performed at  15O to con- 0.90 
firm the maximum observed 
at  25O. 

Discussion 0 

The results obtained for 5.0 4.0 3.0 2.0 1.0 0 1.0 

the effect of sulfur trioxide on SOj-+ +H?O 

the decom~osition of oxalic Molality of inhibitor. 

acid by sulf;ric acid appear to Fig. 1.-Effect of sulfur trioxide and of water on 
the reaction rates of oxalic and citric acids. A- conform with the analogous oxalic; B-citric. 

effects in the case of citric 
and malic acids. From the figure it may be seen that water has an ex- 
tremely large inhibiting influence on the decomposition of oxalic acid while 
sulfur trioxide is a very weak inhibitor, as shown by the slight falling off 
in the velocity a t  a molality of 5.3. The increase in the reaction rate on 
increasing the sulfur trioxide molality from 0 to 2.0 may be attributed to a 
decrease in concentration of minute amounts of water formed by the ther- 
mal dissociation of sulfuric acid (HzS04 Hz0 + S03) rather than to 
an accelerating effect of sulfur trioxide. The slope of the curve for the 
effect of water on the oxalic acid decomposition would indicate the plausibil- 
ity of such an assumption. An analogous explanation was given to  account 
for the maximum in the citric acid curve. Christiansen3 has previously 
pointed out that displacement of the equilibrium H2S04 SO3 + Hz0 
may determine the rate at  which oxalic acid decomposes, but he also sug- 

3 Christiansen, J. Phys. Chem., 28,145 (1924); Trans. Faraday Soc., 24,596 (1928). 
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gests that the reaction actually measured may be between oxalic acid and 
SOs or some other "sulfuric acid" which is less hydrated than HzS04. 

If the equilibrium constant a t  25' for the reaction HzS04 H20 + 
SOs were known, the concentration of water and of sulfur trioxide inhibit- 
ing, respectively, the oxalic and citric acid reactions in 100yo sulfuric 
acid could be calculated. Fortunately there are sufficient data available 
in the literature so that such a calculation may be made. 

Bodenstein and Katajama4 have studied the thermal dissociation of 
sulfuric acid in the gas phase. From the empirical equation which they 
give for the variation of the equilibrium constant with temperature, Kc 
(in moles/liter) may be calculated for the constant boiling acid (317').= 
Since the vapor and liquid of a constant boiling mixture have the same 
composition and since the liquid analyzes 98.54y0 '02,504, the concentra- 
tion of sulfur trioxide, water and sulfuric acid in the gas phase may be 
obtained. The same ratio must hold for the liquid, from which the com- 
position of the mixture, expressed in molalities, is calculated to be Hz0 = 
3.976, SO3 = 2.815, HzS04 = 10.20. These data readily give K, expressed 
in molalities, for the liquid a t  317'. 

The equilibrium constant a t  25' may now be calculated by means of the 
equation of the reaction isochore" ln K/dT = AH/RT2. To make use of 
the integrated form of this equation, it is necessary to know the heat of reac- 
tion and the specific heats of the substances involved over the temperature 
range 25-317'. From heats of formation17 the heat absorbed by the reac- 
tion HzS04(1) * HzO(1) + SOa(1) is found to be 20,290 calories at  18'. 
The known specific heatss (in joules/gram) are HzO(1) = 4.184.35 from 20 
to 300' and HzS04(1) = 1.42 + 0.0016t from 10 to 45'. The specific heat of 
S03(1) was estimated to be about 1.40 from analogy with SO2 (= 1.37-1.43 
from 20 to 40') and from the similarity in specific heats of HzS04(1) and 
H2S207(1) (= 1.4 at  35'). The values for the specific heats used in the 
calculations are HzO(1) = 4.18, HZSOa(1) = 1.45, SOa(l) = 1.4; these values 
are probably sufficiently accurate. At 25' the value 1.09 X lo-* was 
found for K. This gives for the water and sulfur trioxide concentrations9 

Bodenstein and Katajama, Z. Elektrochem.. 15, 224 (1909). 
Tammann, Z. anorg. Chem., 161, 363 (1927); Knietseh, Ber., 34, 4069 (1901). 

- Lewis and Randall, "Thermodynamics and the Free Energy of Chemical Sub- 
stances," McGraw-Hill Book Co., Inc., New York, 1923, p. 613. 

' "International Critical Tables," Vol. V, pp. 176-178. 
"International Critical Tables," Vol. V, pp. 106, 113, 114. 
The calculation is, of course, only approximate since it has been tacitly assumed 

that the molecular species in the gas and liquid phases of the constant-boiling mixture 
are the same and that 100% sulfuric acid at 25' is not polymerized. If these factors 
could be taken into consideration, smaller values for the concentrations of sulfur tri- 
oxide and of water in 100% sulfuric acid would be obtained. The indicated concentra- 
tions are therefore maxima but they show very well the tremendous influence of minute 
amounts of inhibitors. 
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in 100% sulfuric acid a molality of 3.3 X lo-*, which corresponds to 
0.0026% SO8 and 0.0006% HzO. The concentrations of the stronger of  
the two inhibitors a t  the maxima of the two curves must be still smaller. 
By extrapolating the curve for the effect of water on the citric acid reaction 
rate to zero water, k X lo3 is found to be about 1800. Thus 0.0026y0 SO:r 
decreases k X 10a from 1800 to 440 in the case of citric acid. On the as- 
sumption that sulfur trioxide is not an accelerator for the oxalic acid 
reaction but that water is the inhibitor, a concentration of 0.0006% water 
reduces k X lo3 from about 2000 to 18. 

It is interesting to note that the maxima in the two curves correspond to 
a minimum and a maximum in electrical conductance. The maximum 
in the citric acid curve is a t  about 0.25% water while Knietschl0 and 
Kohlrauschl1 found a maximum in electrical resistance for aqueous re- 
sistance for aqueous sulfuric acid solutions a t  0.05-0.10 and 0.25-0.26y0 
water, respectively. Similarly in fuming acids Knietsch found a mini- 
mum in electrical resistance a t  14-16.7% sulfur trioxide whereas oxalic 
acid decomposes most rapidly a t  about 14% sulfur trioxide. 

Inhibition in the decomposition of organic acids by sulfuric acid is best 
explained by Taylor's theory12 of negative catalysis. The experimental 
results for the effect of sulfur trioxide on the oxalic, malic and citric acid 
reactions are shown by the present work to be in accord with that theory. 
A discussion of the application of Taylor's theory of negative catalysis 
to these reactions will be given in another paper. 

The writer wishes to express his gratitude to Professor Hugh S. Taylor 
for his interest in the progress of the work. 

'The rate of decomposition of oxalic acid has been studied in sulfuric 
acid mixtures containing from 0 to 30% free sulfur trioxide. The maxi- 
mum velocity is obtained a t  about 14% sulfur trioxide (2.0 molality). 

The data have been interpreted to indicate that sulfur trioxide is not 
a positive catalyst for the reaction but merely decreases the concentra- 
tion of water, which is a very powerful inhibitor, the sulfur trioxide in 
this case being a relatively weak inhibitor. 

PRINCETON, NEW JERSEY 

lo Knietsch, Ber., 34,4069 (1901). 
l1 Kohlrausch, W i d .  Ann., 17,69 (1882). 
l 2  Taylor, J. Phys. Chm.,  27, 322 (1923). 
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[CONTRIBUTION PROM THE FRICK CHEMICAL LABORATORY, PRINCETON UNIVERSITY] , 

INHIBITION IN THE DECOMPOSITION OF ORGANIC ACIDS BY 
SULFURIC ACID 

The most outstanding group of negative catalytic reactions in homoge- 
neous solution to which Taylor's theory of negative catalysis appears 
to apply is probably that which deals with the decomposition of organic 
acids by sulfuric acid. The results of the first intensive study of inhi- 
bition in these reactions were published by Bredig and Lichty in 1906. 
Within the past few years, principally through the efforts of Professor 
Walton and his students a t  Wisconsin, several other reactions of this type 
have been investigated. There are now data available for the effect of 
inhibitors on the velocity of decomposition of six organic acids in sulfuric 
acid. In  addition to the well-known investigation of Bredig and Lichty2 

on the decomposition of oxalic acid, studies have been made of the reac- 
tion of sulfuric acid with for mi^,^ m a l i ~ , ~  o-benzoylbenzoi~,~ triphenyl- 
acetic6 and citric7 acids. In addition, the influence of inhibitors on the 
temperature coefficient of the malic acids reaction and the effect of sulfur 
trioxide on the decomposition of oxalic acid

g 
have been measured. In 

view of the increasing interest in inhibited reactions in general, the data 
covering the decomposition of organic acids in sulfuric acid have been 
deemed sufficient to warrant an analysis of the experimental results, to- 
gether with a discussion of the application, of Taylor's theory1° of nega- 
tive catalysis. 

The decompositions mentioned above all follow the unimolecular re- 
action law in spite of the fact that sulfuric acid would seem to be one of 
the reactants. This may be due to the large excess of sulfuric acid always 
employed, since under such conditions the change in its concentration in a 
single experiment would be negligible. On the other hand, the reaction 
may be a true unimolecular decomposition if we consider that the reac- 
tion whose velocity is actually measured is the decomposition of a sulfuric 
acid-organic acid complex. The velocity constants obtained are not, 

National Research Fellow in Chemistry. 
Bredig and Lichty, 2. Elektrochem., 12, 459 (1906); Lichty, J. Phys. Chem., 11, 

225 (1907). 
Schierz, THIS JOURNAL, 45,447 (1923). 

* Whitford, ibid., 47, 953 (1925). 
Gleason and Dougherty, zbid., 51, 310 (1929). 
Dittmar, J. Phys. Chem., 33,533 (1929). 
' Wiig, THIS JOURNAL, 52,4729 (1930). 

Dittmar, ibid., 52, 2746 (1930). 
Wiig, ibid., 52,4737 (1930). 

lo Taylor, J. Phys. Chem., 27, 322 (1923). 
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however, always constant but often decrease considerably. As the re- 
action being studied always produces water or other inhibitors, a falling 
velocity constant is to be expected. The magnitude of the decrease in 
the velocity constant depends on the extent to which the substance formed 
inhibits. Thus, in the decomposition of oxalic acid2 in 100yo sulfuric 
acid at  25', k X 10Wecreases from 21.5 to 11.9 dming a single experi- 
ment. This is in agreement with the observation that water is an ex- 
tremely powerful inhibitor of the reaction. In contrast with this, water 
is a comparatively weak inhibitor for the condensation of o-benzoylbenzoic 
acid and, as might be predicted, the water formed during the reaction 
does not cause a measurable 
decrease in the velocity con- 3,00 
stant. Furthermore, where 
a reaction displays sensitive- 
ness to the small quantity of 2.40 

water formed during the ex- 
periment, this sensitiveness -' 

3 1.80 
vanishes in the more dilute 
sulfuric acid solutions used. 

Inhibition by Water.-The % 1.20 
4 

effect of water on the veloc- 
ity of decomposition of the 
six acids investigated has OfiO 

been determined over wide 
concentrations and a t  tem- 

0 
peratures varying from 12 to 
98'. In Fig. 1 there is pre- 0 2.0 4.0 6 0 8.0 10.0 

sented one curve for each Molality of water. 

acid showing the influence of Fig. 1.-Effect of water on the reactiotl rates of (A) 
water on the reaction veloc- formic, (B) triphenylacetic, (C) citric, (D) malic, 
ity at 250 or as near thereto (E) a-b~nzoylbenzoic and (F) oxaltc acids. A, C, F 

a t  25', B a t  12', D a t  30"; E a t  7 5 O .  as the data permit. The 
values used in plotting the curves are those given in the original papers 
except in the case of formic and o-benzoylbenzoic acids. For the former the 
velocity constants of Schierz3 were multiplied by 2.303 to obtain the ordi- 
nary velocity constant, but, for the latter acid, velocity constants are 
given a t  only one concentration of sulfuric acid. Fortunately, Gleason 
and Dougherty5 have presented their experimental data in the form of a 
curve showing the percentage of o-benzoylbenzoic acid decomposed a t  
four hours as a function of the sulfuric acid concentration. By substi- 
tuting in the usual equation for a unimolecular reaction a = 1, t = 240 and 
x = the fraction of o-benzoylbenzoic acid condensed, we obtain one value 
of the velocity constant for each concentration of sulfuric acid. In  view 
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of the small inhibiting effect of water in this reaction, one value is suf- 
ficiently accurate for purposes of comparison. 

From the figure it may be seen that in all six cases the effect of water 
is an exponential function of the concentration. Gleason and Doughertys 
concluded that for o-benzoylbenzoic acid the retarding action of added 
water is in direct proportion to the amount added, and that i t  would ap- 
pear that the o-benzoylbenzoic acid condensation differs fundamentally 
from reactions of the oxalic acid type. However, the curve for o-benzoyl- 
benzoic acid in Fig. 1 indicates that the velocity constant is a logarithmic 
function of the added water and consequently this decomposition is similar 
to  the others. Although these reactions are all of the same type, they 
differ in sensitivity to inhibition by water. The influence of water, as 
measured by the slope of the curves, is greatest in the decomposition of 
oxalic acid and least for o-benzoylbenzoic acid. At small concentrations 
of water the relative effect is nearly the same for the other four acids. 
The strength of the acids, as measured by the ordinary acid dissociation 
constants, decreases in the order oxalic, citric, malic, o-benzoylbenzoic, 
formic, triphenylacetic. Thus i t  may be seen that there is apparently 
no relationship between the strength of the acid undergoing decompo- 
sition and the retarding action of water. However, there may be some 
question as to whether it is justifiable to carry over into sulfuric acid, 
for purposes of comparison, dissociation constants that were determined 
with water as the solvent." 

Inhibition by Sulfur Trioxide.-The influence of sulfur trioxide on the 
rate of decomposition has been studied for only three of the six acids under 
consideration. For a number of years there was an apparent inconsist- 
ency in the results obtained with this substance. Bredig and Lichty2 

found qualitatively that 1% ,508 accelerated the deco.mposition of oxalic acid 
to  such an extent that it could not be measured by the method they em- 
ployed. Whi t f~rd ,~  working with malic acid, found ly0 SO3 to have no 
effect while 12.5% decreased the reaction rate. Recently the effect of 
sulfur trioxide has been determined in the case of citric7 and oxalic

g 
acids 

and now the results appear entirely concordant. Figure 2 shows graphi- 
cally the experimental results that have been obtained. 

It will readily be seen that the three curves conform in shape to a curve 
with a maximtun. The position of the maximum and the slopes of the 
curve on either side of the maximum depend wholly on the relative inhibit- 
ing powers of water and of sulfur trioxide. The relative retarding effects 
may be summarized as in Table I. 

Since there exists in sulfuric acid the equilibrium HzS04 Hz0 + 
SO3 and since the ratio of the relative inhibiting powers of water and of 
sulfur trioxide may have any value whatever, the maximum reaction ve- 

Kolthoff, Rec. trav. chim., 49, 413 (1930). 
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TABLE I 
INFLUENCI~: OF kf& AND OF SOs ON rHh KEACTION KATE 

Relative inhibiting power 
Acicl Water Srtlfur trioxide 

Oxalic Very, very strong Very weak 
Malic Strong Weak 
Citric Strong Very strong 

locity may occur anywhere within a concentration range determined by 
the equilibrium. It may be predicted that when formic, triphenylacetir 
and o-henzoylbenzoic acids are studied over sufficiently great concentra- 
tions of water and of sulfur trioxide in sulfuric acid, a maximum analogous 
to those it1 Fig. t' will be found 3.60 
In each case. 

Relative Rates of Decom- 
position.--Attempts have been 
made to find some relationship 2 70 
between the velocity of decom- 
position of the organic acids and 
their strength. For the acids 
studied up to 1925 Whitford4 1.80 
gives the following table, where 
the velocity constant is for the 
reaction in 0.562 molality of 
water at 50°. 0.90 

Dittmar6 added triphenylace- 
tic acid to this list since he found 
that it decomposes more rapidly 
than formic acid and is the 5.0 4.0 3.0 2.0 1.0 0 1.0 
weakest acid of the four. Also, SOa+ +HsO 
Dittmar points out that the Molality of inhibitor. 
reaction velocities increase in Fig. 2.-Effect of sulfur trioxide and of water 
the order of decreasing heats of on the reaction rates of (A) oxalic, (B) citric 

activation as calculated from and (C) malic acids. A, B at 25O; C at 40°. 

temperature coefficients by means of the Arrhenius equation. An inspec- 
tion of the curves in Figs. 1 and 2 shows that such comparisons no longer 

TABLE I1 

RELATION OF ACIDITY TO &ACTION VELOCITY 

Acid Dissociation constant Velocity constant 

Oxalic 3 . 8  X 0.515 
Malic 4 . 0  x lo-& 158.5 
Formic 2 .1  X low4 Reaction immeasurably fast 

hold when all the data now available are considered. The decomposition 
velocities vary so greatly with the concentration of water and of sulfur 
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trioxide that the organic acids might be arranged in several orders of in- 
creasing reaction rates. 

The original comparison of Whitford was based on Kendall's rule12 
that the tendency toward molecular compound formation between sul- 
furic acid and an organic acid varies with the acidity of the second acid. 
The decomposition of the organic acids which have been investigated is 
supposed to proceed by way of an unstable sulfuric acid-organic acid 
complex, so that Kendall's rule should apply here provided the mere tend- 
ency toward compound formation can be assumed to govern the velocity 
of reaction. We have just seen, however, that reaction velocity compari- 
sons cannot be made (unless an extrapolated value for each acid in the 
total absence of inhibitors can be obtained). Furthermore, Kendall's 
rule is a t  the best qualitative. For example, Hoogewerf and van Dorp13 
isolated an addition compound of sulfuric acid with mesaconic acid ( K A  
X lo4 = 8), whereas Kendall and Carpenter12 obtained no indication by 
the freezing point method of similar compound formation between sul- 
furic acid and a-chlorocrotonic acid (KA X lo4 = 7.2). The structure 
of the organic acid, the presence of various groupings, steric hindrance, 
etc., may play a not inconsiderable role in molecular compound formation. 
I n  addition, as already mentioned, acid dissociation constants deter- 
mined in water solution may not furnish a proper basis of comparison 
when the medium is sullfuric acid. It is not surprising, therefore, to find 
that there is no apparent relation between velocity of decomposition and 
the ordinary acid dissociation constant of the organic acids. Further- 
more, no such relationship would be expected since the rate of decompo- 
sition of the organic acid-sulfuric acid complex would depend on its in- 
stability rather than the rate or extent of its formation. 

The Effect of Miscellaneous Inhibitors.-The retarding influence of 
numerous substances other than water and sulfur trioxide has been studied. 
Whitford4 and Dittmar6 found, in agreement with Kendall's rule for com- 
pound formation, that sodium and potassium sulfates were stronger in- 
hibitors than water for the decomposition of malic and triphenylacetic 
acids. However, in the case of oxalic acid, Bredig and Lichty2 found 
that water was a slightly better inhibitor than potassium sulfate. Ditt- 
mar's data covering the effect of a large number of inhibitors on the ve- 
locity of decomposition of malic and triphenylacetic acids show analogous 
differences very convincingly. For example, ethyl alcohol is a better 
inhibitor than crotonic acid in the decomposition of triphenylacetic acid 
but the reverse is true in the case of malic acid. A similar relationship 
holds for the following pairs of inhibitors: phenol-p-cresol, ethyl alcohol-o- 
toluic acid, coumarin-o-toluic acid, benzophenone-o-toluic acid. 

l2 Kendall and Carpenter, THIS JOURNAL, 36,2506 (1914). 
l3  Hoogewerf and van Dorp, Rec. trav. chim., 18, 211 (1899). 
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These results are not unexpected when we recall the wide variation 
in the relative effects of water and of sulfur trioxide on the decompo- 
sition of oxalic, malic and citric acids. If the action of an inhibitor de- 
pended solely on compound formation with sulfuric acid, then the same 
relative effects on the velocity of decomposition of the organic acids by 
sulfuric acid should be obtained. Since the experimental results show 
such marked differences in inhibiting power, it must be concluded that  
it is not sufficient to consider only the tendency toward compound for- 
mation with sulfuric acid in seeking for a mechanism of inhibition. I n  
this connection Dittmars points out that although phosphoric acid is 
an inhibitor for the decomposition of malic and triphenylacetic acids, 
no molecular compound of phosphoric and sulfuric acids has been shown 
to exist. On the other hand, Walton and Kepfer14 have found, from 
solubility measurements, that phosphoric acid forms a molecular com- 
plex with malic acid. Dittmar concludes, therefore, that inhibition may 
be more satisfactorily explained by compound formation between malic 
acid and the inhibitor. 

The Effect of Temperature.-Determinations of temperature coeffi- 
cients have been made for the six organic acids whose decompositions 
have been studied but many of the values vary so much that they are 
not of much use for purposes of comparison. The chance for error is so 
large in these sulfuric acid systems that only by making careful measure- 
ments a t  a large number of sulfuric acid concentrations a t  two or more 
temperatures can dependable values of the temperature coefficient be 
obtained. In this way the experimental errors may be averaged, but in 
much of the data given in the literature this has not been taken into con- 
sideration. However, i t  may be stated that, in general, the addition of 
an inhibitor increases the temperature coefficient, and increase in con- 
centration of the inhibitor increases the temperature coefficient. Where 
there are exceptions to these statements, and there are several, more data 
are usually needed before a definite decision may be made. 

Dittmars has determined the temperature coefficients for the decompo- 
sition of malic acid by sulfuric acid in the presence of a large number of 
inhibitors and finds that, in general, the temperature coefficient is greater 
than that for 100% sulfuric acid. Also, in the majority of the experi- 
ments the temperature coefficients increase with increase in inhibitor 
concentration. This last generalization holds very well for citric acid7 

also, where the data for the effect of water are sufficiently complete so 
that the trend of the temperature coefficient may be seen. The results 
are thus in general agreement with Dhar'sls statement that  a negative 
catalyst increases the temperature coacient of a reaction. I n  the event 

14 Walton and Kepfer, J. Phys. Chem., 34,543 (1930). 
16 Dhar, ibid., 28,951 (1924). 
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that these reactions follow a chain mechanism, the agreement with Dahr's 
rule may be only fortuitous, since a t  present the temperature coefficient 
of a chain reaction has no theoretical significance. 

Mechanisms 

Of the Decomposition.-It is rather generally agreed that the decom- 
position of oxalic, formic, malic, triphenylacetic, o-benzoylbenzoic and 
citric acids is brought about by the formation of an unstable sulfuric 
acid-organic acid complex (oxonium compound) which subsequently breaks 
up into the reaction products and sulfuric acid. The process may be 
represented by the equations 

Organic Acid + H2SOa G=== Organic Acid.HzSO4 (1) 
Organic Acid.HzSO1 + Products of decomposition + HzSOl (2)  

The experimentally determined velocity would be that of the second 
reaction, which is dependent on the concentration of the molecular com- 
plex. Thus, it is evident that these reactions are not to be considered 
as simple dehydrations. This is convincingly shown by the fact that the 
deconiposition of triphenylacetic acid by sulfuric acid involves no water 
a t  all, the products being triphenylcarbinol and carbon monoxide. 

'There is also the possibility that the formation of the simple organic 
acid-sulfuric acid complex is not in itself sufficient for decomposition, 
especially in view of the fact that evidence for the existence of these com- 
pounds has been obtained in the case of oxalic, citric and malic acids from 
solubility data. I t  may he that addition of another molecule of sulfuric 
acid a t  a second point in the organic acid (which is possible since the acids 
all contain two or more oxygen atoms) is required to produce sufficient 
strain to cause a rupture of the atomic linkages. This process would also 
give a unimolecular reaction. The effect of inhibitors would be the same 
in the two cases. However, this mechanism really has nothing to recom- 
mend i t  as being better than the simpler one given first. Moreover, the 
data which indicate compound formation of oxalic,16 malics and citriclb 
acids with sulfuric acid have been obtained in aqueous solutions where 
it is quite possible that these molecular compounds are also combined 
with water, a possibility of which the method employed can give no evi- 
dence. 

Of Inhibition.-The retardation of the velocity of decomposition of 
organic acids in sulfuric acid by the addition of a third substance may 
best be explained by what has come to be known as Taylor's theoryl0 
of negative catalysis. The concept, according to which a nega- 
tive catalyst acts by suppression of a positive catalyst, certainly does not 
hold for these reactions, especially when one considers the positions of the 
maxima in the curves for citric, malic and oxalic acids in Fig. 2. Like- 

'"nox and Richards, /. Chem. Soc., 115,508 (1919) 
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wise, as pointed out by Christiansen17 for the decomposition of oxalic acid 
in sulfuric acid, the chain reaction theory does not appear to be applicable 
to these inhibited decompositions, though there is no direct experimental 
evidence on which to base such a conclusion. That chain reactions may 
occur in solution is shown by the work of Backstrom18 and of Alyea and 
BackstromlS on the oxidation of sodium sulfite solutions. The reaction 
between mercuric chloride and the oxalate ion in aqueous solution also 
appears to be a chain reaction.*O It is not impossible, therefore, that  the 
decomposition of organic acids in sulfuric acid may be chain reactions. 

Deactivation by mere collision of the inhibitor with organic acid- 
sulfuric acid complexes which have acquired sufficient energy to undergo 
reaction also seems to be out of the question. In this case inhibition 
would depend only on the number of free molecules of the negative catalyst. 
At a given concentration of inhibitor, then, approximately the same rela- 
tive decrease in the velocity of decomposition should be observed for all 
the acids whereas the actual effect. vary greatly. This difficulty might 
be obviated by assuming a specific deactivating effect for each molecular 
complex, but then we really approach momentary compound formation 
instead of mere physical impact. 

The mechanism of negative catalysis proposed by Taylorm is the direct 
opposite of that for positive catalysis in homogeneous reactions in solu- 
tion where the reaction proceeds more readily by way of the intermediate 
compound, In negative catalysis the intermediate compound diverts 
one or more of the reactants from the main reaction, thus decreasing the 
active concentration of the reactants and slowing down the reaction ve- 
locity. According to the theory the function of inhibitors must be, in 
the present case, to bring about a decrease in the concentration of the 
unstable critical complex-organic acid-HzS04. The concentration of the 
unstable complex is determined by the equilibrium represented in Equa- 
tion l. Consequently, its concentration may be reduced by a decrease in 
the concentration of (I) HzS04, through the formation of HzSOa-Inhibitor, 
and (2) the organic acid, through the formation of Organic Acid-Inhibitor. 
A third possibility is that the active concentration of the complex, Organic 
,Zcid.HzS04, may also be lowered by reaction of the addition compound 
itself with the inhibitor. It is evident then that inhibition may be brought 
about by any one, or various combinations, of the above three possibilities. 
However, by a consideration of the experimental data some of these mechan- 
isms would seem to be eliminated. 

17 Christiansen, J.  Phys. Chem., 28, 145 (1924); Tmns. Faraday Sac., 24, 596 
(1928). 

18 Backstrom, THIS JOURNAL, 49,1460 (1927). 
19 Alyea and Backstram, ibid., 51,90 (1929). 
20 Roseveaxe and Olson, ibid., 51, 1716 (1929); Roseveare, ibid., 52,2612 (1930). 
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(a) Inhibition Due only to HzS04 + Inhibitor H2SOp.Inhibi- 
tor.--That this possibility must be discarded has already been shown by 
the discussion in the section dealing with the effects of miscellaneous 
inhibitors. In case of inhibiti'on by sulfur trioxide, for example, if com- 
pound formation with sulfuric acid were the only factor, then the effects 
with oxalic, malic and citric acids should be similar. Experimentally 
i t  is found that for the decomposition of citric acid sulfur trioxide is a 
very strong inhibitor, in the malic acid reaction a fair inhibitor, and for 
the oxalic acid decomposition an extremely weak inhibitor only after the 
concentration exceeds 14% S03. 

(b) Inhibition Due only to Organic Acid + Inhibitor Organic 
Acid.Inhibitor.-The same sort of argument that was used to eliminate 
the preceding mechanism would appear to apply here. Kendall's rule 
for compound formation seems to work fairly well for hydrates of the 
acids but the inhibiting effect of water does not vary with the strength 
of the organic acid, as has previously been indicated. Similarly the very 
diverse effects of sulfur trioxide on the oxalic, malic and citric acid reac- 
tions seem to preclude the possibility that compound formation between 
the inhibitor and the organic acid determines completely the retarding 
action. Furthermore, DittmarS found that o-toluic acid is a better in- 
hibitor for the malic acid reaction than phosphoric acid, which has been 
shown to form a compound with malic acid, whereas compound forma- 
tion between malic and o-toluic acids is scarcely to be expected since they 
are of nearly the same acid strength (KA X lo4 is 4.0 and 1.25, respectively). 
While it would seem that compound formation between the organic acid 
and the inhibitor cannot be the only factor governing inhibition, still it  
must be admitted that there are weaknesses inherent in the reasons just 
advanced. Part of the argument depends on the use of the ordinary 
dissociation constants of the acids but the comparisons are made for sul- 
furic acid as the solvent, instead of water. Again, the effect of an inhib- 
itor, o-toluic acid for example, in 100% sulfuric acid might be to change 
the HzS04 Hz0 + SO3 equilibrium (by combination with either 
of the products). Then inhibition by o-toluic acid might be due to com- 
pound formation between water (or sulfur trioxide) and malic acid rather 
than between a-toluic and malic acids as we have supposed. However, 
the mechanism being discussed would seem to be eliminated definitely by 
the consideration, in the next section, of the extremely small concentra- 
tions of negative catalysts necessary for inhibition to manifest itself. 

(c) Inhibition Due to Reaction of the Inhibitor with the Organic 
Acid.SuIfuric Acid Complex.-This postulate is so flexible that no experi- 
mental evidence may be adduced against it. If i t  be assumed that 
reaction of the negative catalyst with the fugitive complex is highly 
specific, then this mechanism must be in agreement with the observed 
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effects for all the negative catalysts. Since the acid properties of the 
two acids in the oxonium addition compound are very probably altered, 
the assumption of specific inhibitor effects is reasonable. 

There are several experimental facts that would seem to be in accord 
with this mechanism. The concentration of the critical complex must, 
of course, be very small, so that inhibition by very minute amounts of 
negative catalysts should be possible. Such inhibition is indicated in the 
case of oxalic and citric acids. It will be recalled that for citric acid7 

the maximum reaction velocity at 2.5' occurs a t  0.14 molality of water 
(0.25%). The decrease in the velocity of decomposition a t  concentra- 
tions of water less than 0.14 molality was attributed to the presence of 
sulfur trioxide formed as a result of the reaction HzS04 H 2 0  + SOa. 
The concentration of sulfur trioxide in 99.75% sulfuric acid must be 
vanishingly small since calculationsg indicate that its concentration in 
100% sulfuric acid is a t  the most of the order of 3 X molality. An 
entirely analogous explanation holds for the finding of the maximum re- 
action velocity for oxalic acids at a lnolality of sulfur trioxide of about 
2.0. If inhibition is due to compound formation with the sulfuric acid 
or the organic acid, or even both, it is difficult to see how a concentration 
of inhibitor of the order of molality can influence the concentration 
of the organic acid-sulfuric acid complex simply by diverting an extremely 
minute amount of sulfuric acid or organic acid from the main reaction. 
Even in higher concentrations of water, say 3.0 molality, the concentration of 
free water, resulting from the equilibrium HzS04 + Hz0 H2S04-H20, 
must be small, so that inhibition by reaction of this free water with the 
fugitive complex would not be sufficient to bring the reaction to  a full stop. 

We may, of course, have all three inhibiting mechanisms operative a t  
the same time, especially in the more concentrated inhibitor solutions. 
It would appear from the foregoing discussion, however, that the negative 
catalytic action must be due principally to reaction of the inhibitor with 
the intermediate compound through which the decomposition proceeds. 
The only weakness in this mechanism is that its great flexibility makes 
i t  very difficult to devise experimental tests. 

In view of the present lack of any positive evidence for the existence of 
reaction chains in the decomposition of organic acids in sulfuric acid, i t  
would seem that Taylor's theory of negative catalysis offers the only satis- 
factory explanation for the effect of inhibitors on these reactions. It 
is well to bear in mind, however, that no definite decision with respect 
to the applicability of the chain reaction theory can be made until more 
data are available. 

In conclusion, the author wishes to acknowledge his indebtedness t o  
Professor Hugh S. Taylor for valuable suggestions and criticisms. 

PRINCETON, NEW JERSEY 
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In  an attempt to develop a quick method for the determination of 
magnesium in dilute solutions, particularly in boiler feed water analyses, 
the quantitative reaction which takes place in alkaline solution between 
the magnesium ion and a molar equivalent of 8-hydroxyquinoline with the 
formation of a Iight green precipitate was used. 

Strebinger and Reif filtered off this salt through a Pregl filter tube, 
dried i t  a t  105' for twenty minutes, and weighed it as Mg(C9HsON)22Hz0.1 

The following methods diverge from that of Strebinger and Reif beyond 
the point where the green magnesium salt of 8-hydroxyquinoline is precipi- 
tated. 

The reaction which takes place between the magnesium ion and 8- 
hydroxyquinoline is as follows 

One part by weight of magnesium reacts with 11.9 parts by weight of 
8-hydroxyquinoline. 

An accurate standard solution of a magnesium salt which contained 
0.1 gram of magnesium per liter was prepared. 

The solution of 8-hydroxyquinoline was prepared by dissolving 0.5 
g. in 100 cc. of alcohol and diluting to  1 liter. The solution obtained is 
of a bright yellow color.2 

I. Gravimetric Method (N. B. Calcium must first be precipitated as 
oxalate and filtered off).-Take a sample containing a t  least 0.001 g. of 
magnesium and bring this sample to a volume of from 50 to 150 cc. Make 
arnmoniacal with 20 cc. of ammonia reagent. Heat to 70' and add 100 

Strebinger and Reif, Chemical Abstracts, 24,2397 (1930). 
Allen, "Commercial Organic Analysis," Vol. V ,  p. 657. 
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cc. of a solution of 8-hydroxyquinoline containing 0.5 of this salt per liter. 
If the amount of magnesium present exceeds 0.004 g,, add a larger amount 
of 8-hydroxyquinoline solution for completeness of precipitation, and, if 
necessary, add more 8-hydroxyquinoline. An excess of 8-hydroxyquino- 
line is made evident by the yellow color in the filtrate. Wash the precipi- 
tate with a weak solution of ammonium hydroxide, ignite strongly for 
thirty minutes in a porcelain crucible, and weigh as magnesium oxide. 

Various amounts of the standard magnesium solution from 10 cc. (0.0010 
g.) to 75 cc. (0.0075 g.) were run as above, and the actual results varied 
slightly from the theoretical. On the higher ranges the agreement was 
highly satisfactory. On the lower ranges the slight inaccuracies were 
due to the limitations inherent in the gravimetric methodsuch  as error 
in weighing and taring, loss through slight solubility of the salt, loss 
through escape during ignition, and possible variance in the tare of filter 
paper ash. 

Amounts of magnesium less than 0.0010 g. are not determined to good 
advantage gravimetrically, on account of the magnification of the above 
mentioned errors in consequence of the small quantity of magnesium present. 

The table shows how results obtained compared with the theoretical. 

Magnesium taken as solution containing 0.1 mg. per cc. 

11. Volumetric Methods.-Reagents: Solution of potassium per- 
manganate, 4.17 g. per liter; N sulfuric acid. Precipitate the magnesium 
salt as described above, and wash with ammonium hydroxide. Dissolve 
the precipitate in 100 cc. of hot N sulfuric acid by immersing filter paper 
and precipitate in the acid and stirring. Titrate against the potassium 
permanganate solution until the pink color persists for two minutes. 
When the end-point is approached, the permanganate solution should be 
added, 0.5 cc. a t  a time, and the fading timed with a watch. Each cubic 
centimeter of potassium permanganate solution used is equivalent to  
0.0001 g. of magnesium. 

Various amounts of the standard magnesium solution from 1 cc. (0.0001 
g. of magnesium) to 50 cc. (0.0050 g. of magnesium) were run, and up to  
0.0025 g. of magnesium the results were very accurate. Larger amounts 
of magnesium than 0.0025 g. caused the end-point to be obscured by colored 
oxidation products imparting a brown color to the solution. Magnesium 
in amounts up to 0.0025 g. is determined to very good advantage by this 
method. In amounts larger than this, the gravimetric method is prefer- 
able. Of course, the sample can be diluted and an aliquot taken in order 
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to  bring the amount of magnesium into the effective range if it is too high 
to  work to good advantage volumetrically. The table shows how results 
obtained compared with the theoretical. 

TABLE I1 

COMPARISON OF RESULTS 

Each milligram of magnesium taken represeats 10 cc. of sample; each milligram found 
represents 10 cc. of potassium permanganate solution 

Mg taken, mg.. . . . . . . . . .  0.10 0.20 0.30 0.40 0 50 0.80 1.00 1.20 1.40 
Mg found, mg.. . . . . . . . . .  .14 .20 .33 .41 .48 .80 0.98 1.17 1.36 

Mgtaken,mg . . . . . . . . . . .  1.60 1.80 2.00 2.50 3.00 3.50 4.00 4.50 5.00 
Mg found, mg.. . . . . . . . . .  1.60 1.84 2.03 2.55 3.16 3.75 4 45 5.05 5 75 

111. Colorimetric Method.-The sample should not be of greater 
volume than 50 cc. Make alkaline with 20 cc. of ammonia reagent and 
add exactly 60 cc. of a solution of 8-hydroxyquinoline. (This latter solu- 
tion should be prepared quantitatively.) Filter and wash with a small 
amount of weak ammonia. Make the voltlme of the filtrate up to 150 
cc. with distilled water. The depth of color in the filtrate, due to the 
uncombined &hydroxyquinoline, is inversely proportinoal to the amount 
of magnesium in the sample. This can be compared in a 100-cc. colorime- 
ter, using the 8-hydroxyquinoline solution as a standard. Since 1 
cc. of 8-hydroxyquinoline solution is equivalent to 0.0000416 g. of mag- 
nesium, the following calculation can be made 

(60 - 1,000,000 - - parts of magnesium 
Reading) 2 0.0000416 vol. of sample (cc.) per million 

Or if a 50 cc. sample is taken, which does not contain more than 50 parts 
of magnesium per million, this may be written in the form 

1.248 X (40 - Reading) = parts of magnesium, per million 
49.92 - (1.248 X Reading) = parts of magnesium, per million 

If the amount of magnesium is greater than 50 parts per million, a 
correspondingly smaller sample should be taken and calculation made 
on the basis of the reduced sample. (The use of a sample containing a 
greater amount of magnesium than this makes necessary the use of a larger 
amount of 8-hydroxyquinoline solution, and is not advisable for reasons 
of economy.) 

A range of amounts from 0.0005 to 0.0050 g. of magnesium were run 
as described above, and the results are shown herewith, as compared to 
the theoretical. 

TABLE I11 

COMPARISON OP RESULTS 
-8-HydroXy,quin01ine -------- --w 

60 cc used---------. ,--I20 cc. used----. 

Mgtaken,rng ....... 0.5 1.0 1 .5  2.0 2 .5  3 0  4 0  5 0  
Reading.. .......... 28 24 18 10 5 18 9 4 
Mgfound,mg ....... 0.7 0.9 1.4 1.8 2.3 3.1 4.3 5.3 
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Summary 
1. Quick determinations of magnesium can be made by precipitating 

it as the salt of 8-hydroxyquinoline and estimating the magnesium con- 
tent of the salt either gravimetrically, volumetrically or calorimetrically. 
In many cases where the saving of time is an important factor and ex- 
treme accuracy is secondary, one of these methods may prove useful. 

2.  The most advantageous method to use depends on the amount of 
magnesium in the sample. (a) For amounts ranging from 0.0010 g. 
up to the highest concentrations, the gravimetric method is most accurate. 
(b) For amounts ranging from a minute trace up to 0.0025 g. the volu- 
metric method is most accurate, and is very quick in comparison with many 
methods commonly used. (c) For amounts ranging from 0.0005 g. up 
to high concentrations (if proper aliquots are taken), the colorimetric 
method is very accurate and is the quickest of the three methods. 

3. The following scale will illustrate at a glance the advantageous 
range of the three methods. 

G r a v i m e t r i c  

C o l o r i m e t r i c  

I 

4. None of the other metals commonly found in natural waters will react 
with 8-hydroxyquinoline, except calcium. 

THE EMISSION SPECTRA OF SOME SIMPLE BENZENE 
DERIVATIVES 

The main features of the spectra obtained from the vapor of benzene 
and its simple derivatives under the excitation of the Tesla discharge 
have been described by McVicker, Marsh and StewarG3 who designated 
them as Tesla luminescence spectra to distinguish them from the fluores- 
cence and absorption spectra. The present investigation was under- 
taken as an extension of this work; it was hoped on the purely chemi- 
cal side to develop the suggestion made by them that a means of ascer- 

From a dissertation presented by J. B. Austin to the Graduate School of Yale 
University, June, 1928, in candidacy for the degree of Doctor of Philosophy. 

Commonwealth Fellow 1926-1928. 
McVicker, Marsh and Stewart, J. Chem. Soc., 123,642,2147 (1923). 
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taining the purity of an organic solvent, and the nature of any impurities 
present, could be elaborated. In this respect it has been shown that 
such a method is unwieldy in practice, except perhaps for routine work 
in which a large number of samples are to be tested. Its application to a 
qualitive analysis would be relatively simple since a mere comparison of 
the unknown spectrum with a series of spectra of suspected impurities 
would suffice, but unfortunately the number of substances which yield 
satisfactory spectra under this means of excitation is rather limited. For 
a quantitative estimation of the amounts of impurities present it is neces- 
sary to compare the intensities of the bands, a procedure which is ren- 
dered difficult by the presence of a continuous background in many of 
the spectra. 

On the other hand, it was thought that more comprehensive data on 
such spectra could be obtained which, with an increased accuracy, might 
enable the regularities observed in the bands to be given some theoreti- 
cal interpretation. In this object some success has been achieved. A 
great many new band heads have been recorded with an accuracy be- 
lieved to be *0.5 a. or better, except in the case of the faintest and most 
diffuse bands. 

The spectrum of benzene appears to be unique among the substances 
thus far investigated in that i t  possesses an unusual completeness, its 
bands are very sharp and there is little if any continuous background. 
Because of these features it has been given special attention and has been 
discussed in a previous paper.4 The present paper describes the spectra 
of toluene, ethylbenzene and the xylenes. 

It was our original intention to extend this work to some of the aliphatic 
compounds but all the substances investigated, including pentane, 2,2,4- 
trimethylpentane and acetyIene gave unsatisfactory results. The mole- 
cules broke down into fragments yielding spectra similar to  those obtained 
with the electrodeless discharge. These have been described e l se~here .~  

Experimental 
Each hydrocarbon was shaken with concd. sulfuric acid until no color 

was imparted to fresh acid; it was then washed successively with concd. 
sodium hydroxide, dilute sodium hydroxide and distilled water until the 
final wash water was neutral to litmus. The resulting product was dried 
over sodium and distilled. The several boiling points were as follows: 

Toluene 110-111" at 758 mm. 
a-Xylene 142-142 5" at 750 mm. 
m-Xylene 137-138" at 750 mm. 
p-Xylene 136-137" at 750 mm. 
Ethylbenzene 136-137" at 770 mm. 

Austin and Black, Phys. Rev., 35,452 (1930). 
Austin, THIS JOURNAL, 52, 3026 (1930). 
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The materials as finally used appeared to be quite pure and were a t  
least free from each other, since in no rase did the spectrum of any one 
contain the spectrum of any other. 

The apparatus used in obtaining and measuring these spectra is de- 
scribed in detail in our paper on benzene. Tn each instance the pressure 
of the vapor was of the same order of magnitude as that used in the ben- 
zene study, being about 0.05 mm. Various vacuum waxes and cements 
were used in sealing the window on the discharge tube but no difference 
in the spectrum was observed A Hilger size C quartz spectrograph, 
giving a photograph 200 mm. in length for the range 2100 t o  7000 A. 
was used throughout, with exposures ranging from three to  twelve hours. 
Since the resolution of this instrument was not very great the lines in the 
bands were not resolved, therefore most of the bands appeared as band 
heads shading off toward the red. The measurements given in Tables 
I to V were made on the heads of these bands. 

Results 
The first column in Tables I to V gives the wave lengths of the band 

heads in Angstrijm units as measured by us, the second column those of 
McVicker, Marsh and Stewart and the third column our values expressed 
as wave numbers in em.-' (v = l / X ) .  Our values are in general in agree- 
ment with those of McVicker, Marsh and Stewart, in most cases the 
differences being within their limit of error. 

TABLE I TABLE I1 
TESI,A I,UMINBSCENCE BANDS OF TOLUENE TESLA LUMINESCENCE BANDS OF 0-XYLENE 

X in k., v in cm. -1 x in, A., v in cm. 
X i ?  b., McVicker, (v  = 1/X) X in A., McVtcker ( v  = I /%). 

Austtn and Marsh and Austin and Austin and Marsh and Austin and 
Black Stewart Black Black Stewart Black 

2667.5 2667 37477 2679.1 2681 37315 
2672.0 2671 37414 2684.2 2686 37244 
2680.2 2680 37300 2688 5 269 1 371M 
2684.3 37243 2693.4 37117 
2687.7 2688 37196 2700.3 37022 
2692.5 2693 37129 2733.1 2736 36578 
2705.0 2705 36958 2738.3 2740 36508 
2713 . 0 2713 36849 2742.5 36452 
2717.8 2718 36784 2747.3 36389 
2724.9 2725 36088 2758.8 36237 
2733.6 2733 36571 2764 0 36169 
2741.1 2742 36471 2769 0 36103 
2756.9 2755 36262 2773.3 36048 
2771 . 2  2771 36075 2775.7 36016 
2802.3 2804 35674 2783 0 35922 
2818.6 2820 35468 
2834.4 2834 35270 
2884.3 34660 
2896.3 34517 
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Table I gives the data for the bands in the toluene spectrum, which 
contains, beside the bands, a continuous background starting sharply 
a t  A2667 and gradually shading out a t  about X3100. The bands seem to 
be related in much the same way as are those of benzene but do not show 
the division into groups which is so evident in the latter. 

The data for o-xylene are found in Table 11. In this case the heavy 
background is the most prominent feature of the spectrum. It neither 
starts nor ends sharply but extends from about 12700 to 13300. No 
band groupings are apparent as with the other substances. 

m-Xylene (Table 111) also has a strong continuous spectrum super- 
imposed on the band system. It begins sharply a t  A2700 and disappears 
a t  13300. 

The p-xylene bands (Table IV) are quite strong and are easily visible 
against the continuous background which starts sharply a t  A2750 and 
extends to 13300. 

in A., v in cm. -1 X in A,,  v in cm. -1 
X in A., McVicker, ( v  = 1/X) X in A.. McVicker, ( v  = l/A), 

Austin and . Marsh and Austin a d  Anstin and Marsh and Austin and 
Black Stewart Black Black Stewart Black 
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The spectrum of ethylbenzene (Table V) has like all the rest a coatinuous 
background extending from a sharp lower limit at A2667 to a very diffuse 
one a t  about X3200; the bands are rather poorly defined. 

u in cm. -1 A in A.. v in cm -1 
 in A ,  (v  = l/Q, in A., McVicker, ( u  = 1/M, 

Austin and Austin and Auqtin and Marsh and Austin and 
Black Black Black Stewart Black 

Discussion 
It became evident early in the work that an analytical method based 

on the equipment described would be quite unwieldy. The apparatus 
is costly and rather troublesome to assemble and the time required to 
make a good exposure, a t  least three hours, is rather long; moreover, 
the decomposition of the vapors makes it necessary to use a new discharge 
tube for each exposure. However, to gain some idea of the possible 
utility of the method one trial analytical run was made on the contents 
of a bottle marked "xylene" which had been standing around the labora- 
tory for some time. On comparing the spectrogram of this unknown 
with those of the three pure xylenes it was found that the unknown con- 
tained all three isomers. The continuous background rendered the 
task of estimating the amount of each hopeless. 

Thus far our attempts to apply the formulas of modern band spec- 
troscopy to these data have not met with success. The problem is very 
difficult, much more so than in the case of benzene, because comprehen- 
sive data of the required accuracy are not available. Even were these 
a t  hand the complexity of the emitting molecule would make their inter- 
pretation far from simple However, it is interesting to  consider our 
results in the light of some of the older and less precise generalizations. 
The first of these was set forth by Sta~dinger.~ All chemical substitu- 
tion which displaces the bands toward the red diminishes the state of satura- 
tion of the molecule. The second was made by Henri.' Organic bodies 
which react most easily, that is, are most labile, possess the strongest 
ultraviolet bands. 

6 Staudinger, "Les Cetenes," Stuttgart, 1912, p 98 
Henri, Compt. rend., 156,1979 (1913). 
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Let us now apply the first law to our measurements. We may be sure 
that the extreme ultraviolet ends of the spectra are lacking because of 
the absorption by the unexcited vapor and therefore the terminations of 
the various spectra are not to be taken alone as criteria for displacement. 
We may, however, arrive a t  a more reliable standard for obtaining the 
shifts due to changes in composition by comparing certain sharp band 
heads which seem to correspond in each spectrum. On making such a 
comparison on our plates it appeared that the toluene bands are displaced 
to  the red as compared to those of benzene. o-xylene showed an increased 
shift toward the red, while the #- and m-isomers were still further dis- 
placed. Ethylbenzene, however, gave a spectrum in the same general 
region as toluene 

These shifts are confirmed by the spectra of these compounds in the 
solid a t  liquid-air temperatures8 Under these conditions these band 
systems actually show terminal bands whose positions are easily com- 
pared. The shifts observed in these spectra are in agreement with the 
above results. The most significant difference is that the p-xylene is 
slightly, though definitely, shifted toward the red as compared to the 
m-compound. 

Interpreted on the basis of Staudinger's law these shifts mean that ben- 
zene is the most saturated of the substances studied; toluene is less satu- 
rated; o-xylene is still less so, while the P- and m-isomers are the least satu- 
rated of all, which conclusions are borne out by the well-known chemical 
behavior of these compounds; this would indicate that the band spectra 
data are in complete accord with Staudinger's law. 

When attention is directed to the law of Henri, an apparent difficulty 
arises a t  once, for the bands of benzene are easily the strongest and most 
complete, yet there can be no doubt as to the pronounced stability of 
benzene. This leads us to the conclusion that considerable care must be 
exercised in applying this "law" to organic compounds. One explana- 
tion of this apparent exception is that the intensity of the ultraviolet 
bands is dependent on the number of excited electrons, which, in general, 
is related to the relative ease of excitation. The chemical activity on 
the other hand depends on the ease with which electrons may be removed 
or shared, which is quite a different thing. Thus i t  may be possible 
to  have an electronic structure capable of being easily excited by the proper 
radiation and yet resistant to actual change of configuration, i. e., chemi- 
cal reaction. 

Another explanation of the unique character of the benzene bands 
may be sought in a study of the source of the emitted radiation. If it 
is assumed that each C and H atom can vibrate independently, there 
is a t  once an explanation of the greater intensity of the benzene bands. 

Data shortly to appear in the Bureau of Standards Journal of Research. 
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Since each C and H atom is equal to all the others, it follows that the 
frequency of the light emitted will be independent of the portion of the 
ring from which it emanates and therefore the light in the frequencies 
which are emitted will be intense. This leads to a strong spectrum with 
sharp bands and littfe if any continuous background, which is just what 
benzene does give. 

In the case of toluene a different state of affairs exists. One of the 
atoms is definitely marked by having a methyl group attached and the 
neighboring C atoms are probably slightly affected by the presence of 
this group; consequently, the various parts of the molecule when excited 
by the discharge do not all emit the same frequency but instead there 
appears a series of frequencies which are but slightly different. This 
leads to a group of strong bands arising from certain favored modes of 
vibration which are blurred by bands of slightly different frequency 
arising from other vibrations. An extension of this argument shows 
that it applies equally well to ethylbenzene and the xylenes. One would 
expect the bands of these substances to be less sharp than those of toluene, 
as indeed they are. 

I t  should perhaps be emphasized here that these views are to be re- 
garded as but tentative suggestions. The extreme complexity of the 
problem and the comparative lack of detail in the spectra of these simple 
derivatives render it difficult to be more specific in their interpretation. 

A study of these spectra also leads one to believe that we should be 
more careful in keeping the meaning of our chemical symbols constantly 
in mind. All the existing theories of saturation and stability can be 
readily reconciled with the ordinary equilateral hexagonal formula for the 
simple benzene ring; indeed the observations force us to accept such a 
symbol. Whether the ring is coplanar or not is of small importance in this 
connection. On the other hand, it should be clearly recognized that the 
introduction of a group of any kind immediately sets up electrical and 
magnetic disturbances which are transmitted around the ring, and cannot 
fail to give a twist to the molecule so that to be accurate in our symbolism 
we should now write a warped or non-equiangular hexagon. The exact 
nature of this twist is not a t  present known but the accumulation of more 
data will undoubtedly elucidate this point. Meanwhile, we can keep 
111 mind that the substituted benzene ring is not a t  all the same as the 
original symmetrical structure. 

It is a pleasure to acknowledge our indebtedness to Professor H. S. 
Uhler for his advice in matters of spectroscopic technique, to Professor 
John Johnston for his general interest and help and t o  Mr. L. E. Faul- 
haber for help in preparing the manuscript. We wish also to thank the 
Commonwealth Fund for the fellowship held by one of us during the 
course of this research. 
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Summary 
The emission spectra of toluene, ethylbenzene, o-, m- and P-xylene 

have been photographed using the Tesla discharge as a means of excita- 
tion; they are found to contain a number of bands generally accompanied 
by a continuous background. The numerical data are in agreement 
with previous measurements. A comparison of these spectra indicates 
that substitution produces a profound disturbance in the electrical and 
magnetic symmetry of the benzene ring. Further, these spectra have 
a limited application in qualitative analysis but are rendered less suitable 
for quantitative work because of the continuous background. 

T H E  CONDUCTIVITY AND VISCOSITY O F  SOLUTIONS O F  
LITHIUM NITRATE I N  CERTAIN BINARY ALCOHOLIC SYSTEMS1 

Investigations of conductivity in mixed solvents were first made by 
L e n ~ , ~  and have since been extended from time to time by many other 
workers. Perhaps the most systematic and extensive results have been 
obtained by Jones3 and his co-workers using various solvents such as water, 
methyl alcohol, ethyl alcohol, propyl alcohol, acetone and glycerin, and a 
considerable number of solutes. 

Data for the conductivity and viscosity of solutions of lithium nitrate 
in certain aqueous-alcoholic solvents have been reported in a previous 
paper.4 As a continuation of these studies data are now given for systems 
containing various proportions of water, ethyl alcohol, n-propyl alcohol and 
isopropyl alcohol. In some cases density data have also been included. 

Materials.-The lithium nitrate, water and ethyl alcohol were pre- 
pared and purified by the methods used by Whitman and Spencer. High 
grade n- and isopropyl alcohols from the Eastman Kodak Company were 
purified by the same method that was used in purifying ethyl alcohol. 
The specific conductivities of the purified solvents were as follows: water, 

' Prepared from a Dissertation presented to the Graduate Faculty of the State 
University of Iowa by D. M. Hurt, in partial fulfilment of the requirements lor the 
degree of Doctor of Philosophy. 

Lenz, Mem. l'acad. St. Petersburg, 7 ,  30 (1881); Stephan, Wied. An?&., 17, 673 
(1883); Arrhenius, 2. physik. Chem., 9 ,  487 (1892); Wakeman, ibid., 11, 49 (1893); 
Zelinsky and Krapiwin, ibid., 21,35 (1896); Cohen, Wied. Ann., 25,31 (1898). 

a For a summary and review of this work, see Jones and Kreider, A m .  Chem. J.. 
45, 282 (1911). 

Whitman and Spencer, THIS JOURNAL, 50,1840 (1928). 
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1.1 X ethyl alcohol, 0.85 X loe6; n-propyl alcohol, 4.96 X 
isopropyl alcohol, 0.51 X 

Apparatus and Measurements.-A 1,eeds and Northrup slide wire 
bridge with extension coils, tunable head phones, Curtis coil resistance 
boxes, adjustable air condensers and the usual shieldings and sheathings 
were used. A Vreeland oscillator was used as the source of alternating 
current. Conductivity cells similar to those described by Schlesinger and 
Martin5 were calibrated by the method of Kraus and P a r k e r . V h e  cell 
constants were checked a t  frequent intervals during the course of the 
measurements. 

Temperature measurements were made with a thermometer which had 
been compared with one certified by the Bureau of Standards. All 
measurements were made a t  25 * OO.O1 O .  A well insulated, double-walled 
constant temperature bath of about 100 liters' capacity, filled with a light 
mineral oil, was used. Through a glass window in one side, readings were 
made on an Ostwald type quartz viscometer, which had a period for water 
of about eighteen minutes. Density determinations were made with a 
pycnometer of about 25 ml. capacity. 

Conductivity data have been corrected for the conductivity of the pure 
solvent. 

Experimental 

Water-Ethyl Alcohol Mixtures (2).-The equivalent conductivities 
of solutions of lithium nitrate of various concentrations and in solvents 
ranging in composition from pure water to pure ethyl alcohol are recorded 
in Table I. This system has been previously studied by Jones and Lind- 
say,' but i t  was thought best to repeat the work since they obtained but 
three points on the curve. The conductivity data for the 0.1 molar and the 
0.00625 molar solutions are shown graphically in Fig. 1. Absolute vis- 
cosities of water-ethyl alcohol mixtures according to Noack are also shown 

'rm EQUIVALENT CONDUCTIVITY OF I,ITHIUM NITRATE I N  THE SYSTEM WATER-ETHYL 

ALCOHOL, AT 25O 
Molar 100% 100% 
concn.. HrO 90% 80% 70% 607, 50% 40% 30% 20% 10% CzHsOH 

0 . 1  90.56 71.61 56.25 44.39 37.68 33.49 30.39 27.90 25.44 22.51 17.47 
.05 94.84 74.77 58.42 46.36 39.46 35.34 32.39 30.12 27.88 23.47 20.74 
,025 98.87 77.45 60.34 48.27 40.91 36.92 34.15 32.09 30.26 28.28 24.07 
,0125 102.14 79.33 62.03 49.16 41.86 37.95 33.59 32.08 31.75 29.83 27.36 
,00625 105.45 81.25 63.21 49.37 43.42 39.14 34.39 32.68 33 .41  32.38 30.40 

Sp cond of pure solvent 
X 1 0 - 6  1 1 0  4.32 6 .37 4 5 7  3.34 3 5 9  3 6 4  3 8 5  3 9 2  2 6 0  0 8 5  -- 

Schlesinger and Martin, THIS JOURNAL, 36, 1589 (1914). 
Kraus and Parker, ibid., 44,2422 (1922). 
Jones and Lindsay. Am. Chm. J., 28,329 (1902). 
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in Fig. 1 The conductivity-composition curve is here shown in complete 
form and is more satisfactory than the curve given by Whitman and 
Spencer (Ref. 4, p. 1843) as constructed from the meager data of Jones and 
Lindsay. 

100% Hz0 20 40 60 80 CzHrOH 100% 
Fig. 1.-Lithium nitrate in water-ethyl alcohol mixtures. Curve 1, 

composition-conductivity, 0.1 M; Curve 2, 0.00625 M; Curve 3, com- 
position-viscosity. 

Water-n-Propyl Alcohol Mixtures (3).--Table I1 gives the equiva- 
lent conductivities for a series of solutions of lithium nitrate in various 
mixtures of water and n-propyl alcohol. Viscosities and densities of the 
various solvents are given in Table 111, the values referring to water at 2 5 O  

THE EQUIVALENT CONDUCTIVITY OF LITHIUM NITRATE IN THE SYSTEM  WATER-^- 
I'ROPYL ALCOHOL AT 25O 

Molar 100% 100% 
concn., Ha0 90% 80% 70% 60% 50% 40Y0 30% 20% 10% CaHrOH 

0 .1  90.56 69.92 53.96 45.14 38.15 31.99 26.33 21.10 16.41 11.85 5.564 
.05 94.84 73.28 57.10 47.59 40.51 34.29 28.25 23.27 18.3.5 13.62 6.854 
.025 98.87 76.93 59.53 49.93 42.64 36.72 30.49 25.37 20.25 15.94 8.381 
.0125 102.14 80.50 61.53 51.73 44.17 39.05 32.63 27.28 22.00 18.13 10.10 
.00625 105.45 84.63 64.26 53.18 45.66 41.23 34.44 28.80 25.07 20.72 11.86 

Sp. cond of pure solvent 
X10-8  1.1 11.7 20.3 28.6 32.7 30.1 31.8 27.9 23.2 14.2 4 9  

John C Hvan4, " Physico-Chemical Tables," Griffin and Co., Ltd., London, 191 1 ,  
p. 651. 
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TABLE 111 
VISCOSITIES AND DENSITIES OF WATER-#-~OPYL ALCOHOL MIXTURES AT 26' 

HzO, % Viscosity Density HaO, % Viscosity Density 

for which the values 0.008944 and 0.99704 were used. The corresponding 
curves are given in Fig. 2. 

Fig. 2.-Lithium nitrate in water-n-propyl alcohol mixtures. Curve 1. 
composition-conductivity, 0.1 M; Curve 2, 0.00625 M; Curve 3, com- 
position-viscosity. 

Water-Isopropyl Alcohol Mixtures (4).-Table IV gives the con- 
ductivity data for solutions of lithium nitrate in water-isopropyl alcohol 

THE EQUIVALENT CONDUCTIVITY OF LITHIUM NITRATE IN TAE SYSTEM WATER-ISO- 
PROPYL ALCOHOL AT 25' 

Molar 100% 100% 
concn. Hz0 90% 80% 70% 60% 50% 40% 30% 20% 10% C~HIOH 

Sp. cond. of pure solvent 
X10-a 1 .1  2.86 1.92 1.56 1.24 1.03 1.46 1.80 2.86 0.90 0.51 
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TABLE V 
VISCOSITIES AND DENSITIES OF WATER-ISOPROPYL ALCOHOL MIXTURES AT 25" 

&O, % Viscosity Density HIO, % Viscosity Density 

100 0.008944 0.99704 40 0.03139 0.8931 
90 .01284 .9839 30 .03057 .8682 
80 .01847 .9723 20 .02786 .8418 
70 .02371 .9580 10 .02381 .8128 
60 .02795 .9387 0 .02183 .7807 
50 .03070 .9167 

mixtures; Table V, the viscosity and density data for the solvents. Curves 
are shown in Fig. 3. 

Fig. 3.-Lithium nitrate in water-isopropyl alcohol mixtures. Curve 1, 
composition-conductivity, 0.1 M; Curve 2, 0.00625M; Curve 3, com- 
position-viscosity. 

Ethyl Alcohol-n-Propyl Alcohol Mixtures (6).-Conductivity data 
are given in Table VI. Viscosity data are according to  her^,^ the corre- 
sponding volume percentages having been calculated from his weight per- 
centages by means of the necessary density data. Curves are given in 
Fig. 4. 

Ethyl Alcohol-Isopropyl Mixtures (7).-Conductivity data are given 
in Table VII; viscosity and density data in Table VIII. Curves are shown 
in Fig. 5. 

* "Tables Ann. Internat. de Constantes," Vol. V, Gauthier-Vilars et Cie., Paris, 
1925, p. 54. 
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TABLE VI 
THE EQUIVALENT CONDUCTIVITY OF LITBIW NITRATE IN THE SYSTEM ETHYL ALCOHOL- 

S-PROPYL ALCOHOL AT 25' 
Molar 100% 100% 
concn. CnHaOH 90% 80% 70% 60% 50% 40% 30% 20% lO%CaHrOH 
0.1 17.47 15.66 14.04 12.86 11.73 10.50 9.427 8.375 7.370 6.455 5.564 

.05 a0.74 18.66 17.11 15.72 14.41 12.87 11.52 10.28 9.081 7.971 6.854 

.025 24.07 22.14 20.26 18.80 17.27 15.42 13.94 12.41 11.02 9.724 8.381 

.0125 27.36 25.62 23.46 21.86 20.22 18.10 16.48 14.68 13.23 11.66 10.10 

.00825 30.40 28.31 26.30 24.78 22.99 20.71 18.96 16.84 15.38 13.58 11.85 

Sp. cond. of pure solvent 
X10-a 0.85 4.95 5.86 6.66 6.85 7.30 6.87 6.52 6.09 5.68 4.96 

100% C a P H  20 40 60 80 n-CaHvOH 100% 
Fig. 4.-Lithium nitrate in ethyl alcohol-n-propyl alcohol mixtures. 

Curve 1, composition-conductivity, 0.1 M; Curve 2. 0.00625 M; Curve 
3, composition-viscosity. 

TABLE VII 

ISOPROPYL ALCOHOL AT 25' 
Molar 100% 100% 
concn. CaH6OH 90% 80% 709, 60% 50% 40% 30% 20% 10% OHlOH 
0.1 17.47 14.88 12.99 11.30 9.741 8.282 6.854 5.498 4.179 3.071 2.058 

.05 20.74 17.42 15.99 13.92 12.01 10.22 8.513 6.853 5.233 3.981 2.447 

.025 24.07 21.31 18.24 16.80 14.59 12.47 10.50 8.478 6.573 5.078 2.998 

.a125 27.36 24.25 22.05 19.92 17.35 14.98 12.66 10.48 8.264 6.478 3.812 

.00625 30.40 27.80 25.36 22.94 20.19 17.66 15 21 12.84 10.31 8.222 4.921 

Sp. cond. of pure solvent 
X 10-0 0.85 2.56 2.60 2.54 2.04 1.57 1.23 0.88 0.60 0.46 0.51 

n-Propyl Alcohol-Isopropyl Alcohol Mixtures (a).-Conductivity 
data are given in Table IX; viscosity and density data, in Table X. 
Curves are shown in Fig. 6. Fewer mixtures were used in this system since 
it  was expected that a very nearly linear relationship would be found. 
Results show this to be true. 
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TABLE VIII 
VISCOSITIES AND DENSITIES OF ETHYL ALCOHOL-ISOPROPYL ALCOHOL MIXTURES AT 25' 

C~HIOH, % Viscosity Density CzHsOH, % Viscosity Density 

100 0.01095 0.7852 40 0.01605 0.7827 
90 ,01150 .7849 30 ,01709 .7823 
80 .01224 .7843 20 .01856 ,7819 
70 .01302 ,7839 10 .01985 ,7822 
60 .01388 .7835 0 .02183 ,7807 
50 .01485 ,7832 

Fig. 5.-Lithium nitrate in ethyl alcohol-isopropyl alcohol mixtures. 
Curve 1, composition-conductivity, 0.1 M; Curve 2, 0.00625 M; Curve 
3, composition-viscosity. 

THE EQUIVALENT CONDUCTIVITY OF LITHIUM NITRATE IN THE SYSTEM n-PROPYL 
ALCOHOL-ISOPROPYL ALCOHOL AT 25O 

Molar 
concn. 

100% 100% 
n-CsH7OH 80% 60% 40% 20% iso-CsHvOH 

0.1 5.564 4.886 4.174 3.452 2.782 2.058 
.05 6.854 6.023 5.133 4.267 3.419 2.447 
.025 8.381 7.389 6.349 5.325 4.276 2.998 
.0125 10.10 8.998 7.853 6.664 5.349 3.812 
.00625 11.85 10.76 9.518 8.272 6.792 4.921 

Sp. cond. of pure 
solvent X 10-6 4.96 4.12 3.16 2.29 1.39 0.51 

TABLE X 
VISCOSITIES AND DENSITIES OF n-PROPYL ALCOHOL-ISOPROPYL ALCOHOL MIXTURES 

AT 25' 
n-CaHiOH, % Viscosity Density ~ - C ~ H I O H ,  % Viscosity Density 

100 0.01962 0.7957 40 0.02082 0.7889 
80 .02004 .7962 20 .02130 .7852 
60 .02040 .7924 0 .02183 .7807 
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Discussion 
The various systems studied have been numbered and will subsequently 

be referred to by number. Nos. 1 and 5 are the water-methyl alcohol and 
methyl alcohol-ethyl alcohol systems, respectively, previously reported by 
Whitman and Spencer. 

In systems 1, 2, 3 and 4, i. e., those which contain water as one of the 
components of the solvent, a maximum viscosity is found for some com- 
position. In only one of these, No. 1, does the conductivity-composition 
curve exhibit a minimum. In systems 5, 6, 7 and 8, i. e., those systems 
which contain two alcohols as the components of the solvent, no maxima or 
minima are observed in either the viscosity or the conductivity curves. 

100% n-EH70H 20 40 60 80 iso-C3H70H 100% 

Fig. 6.-Lithium nitrate in n-propyl-isopropyl alcohol mixtures. 
Curve 1, composition-conductivity, 0.1 M; Curve 2, 0.00625 M; Curve 
3, composition-viscosity. 

In several of the latter cases the curves are very nearly straight lines, as 
might be expected since the components of the solvent are very similar 
chemically. 

Jones concluded that a minimum in the conductivity curve was the 
direct result of the increase in viscosity. However, in attempting to 
explain this minimum other factors must also be considered, such as change 
in degree of dissociation with change in composition of solvent. But 
Joneslo found that the degree of dissociation in a solvent containing 50% 
water and 50% methyl alcohol was greater than that in either pure solvent. 
This factor should therefore cause an increase in conductivity. It is thus 
evident that the viscosity explanation alone is far from satisfactory as a 
means of explaining the observed conductivity changes. 

The viscosity data here recorded are believed to be accurate to ap- 

10 Jones and Carroll, Am. Chem. J., 32, 521 (1904) 
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proximately 0.05%. For the viscometer used the time of outflow for water 
was approximately 1000 sec., while the stop-watch used was accurate to 
0.2 sec. An error of 0.4 sec. in time would thus introduce an error of 0.04y0. 
If the weighings involved were accurate to only 1 mg., then the errors of 
weighing for the pycnometer used (about 25 g. capacity) would amount to 
only 0.004%. According to the "International Critical Tables," Vol. V, 
p. 10, the change in viscosity of water per 0.01' at  25' is approximately 
0.0270. Thus the appreciable errors will total not more than O.O6Yo and 
it is believed that an error of 0.0570 represents the reasonable degree of 
precision of results obtained. 

It should be noted that the values recorded for the water-n-propyl 
alcohol system are probably the least accurate of the conductance data, 
since the solvent corrections for this system are unusually large. 

Summary 
1. Measurements have been made of the conductivities of lithium ni- 

trate in the mixed solvents containing various proportions of the following 
components: water, ethyl alcohol, n-propyl alcohol and isopropyl alcohol. 

2. Viscosity and density determinations have also been made on the 
same pure solvent systems. 

THE EFFECT OF LIGHT ON THE FERROCYANIDE- 
FERRICYANIDE IODINE-IODIDE EQUILIBRIUM 

BY ROSCOE G. DICKINSON AND S. FREDERICK RAVITZ 
RECEIVED AUGUST 20,1930 P~BLISHBD DECBMBR~ 18, 1930 

It is well known that femc salts oxidize iodides in aqueous solution a t  a 
moderate rate and that ultimately an equilibrium, 2Fe+++ + 2 1 - z  
2Fef + + 12, is reached. Sasakil investigated the effect of light on systems 
containing the substances involved in this equilibrium. Using sunlight 
and light from an incandescent lamp, he found that the illuminated systems 
always contained less titratable iodine than similar unilluminated systems. 
He further adduced evidence that the effect of the light was a displacement 
of the equilibrium rather than some other mode of disappearance of iodine. 
Further photochemical experiments were made by Rideal and Williams2 

who concluded, among other things, that the region of visible photoactive 
radiation was within the range 5500-6500 B., and that one quantum of 
absorbed radiant energy caused one molecuIe of iodine to react. However, 

N. Sasaki, 2. anorg. Chem., 122, 61 (1922). 
E. K. Rideal and E. G. Williams, J. Claem. SOG., 127, 258 (1925). 



Dec., 1930 THE EFFECT OF LIGHT ON AN EQUILIBRIUB6 477 1 

Kistiakowslry% extended these experiments and concluded that radiations 
of the wave lengths 5460, 4360 and 366Q k, were all effective; detemina- 
tions of the quantum yield showed a disappearance of approximately one 
molecule of iodine per quantum absorbed a t  each of these three wave 
lengths. 

In systems containing the ions Fe(CN)7 and Fe(CN)e-- instead of 
the ions Fef ++ and Fe++, the thermal rates of reaction are again moderate, 
and directly measurable equilibria are again attained. The reaction may 
be expressed by the equation 2Fe(CN)P + 21- 2Fe(CN)sP;" + Ia. 
Both the kinetics and the equilibria in these systems have been the subject 
of considerable study.4 We have found that such systems are sensitive 
to light not absorbed by the complex cyanides. However, preliminary ex- 
periments showed that when ligh$ was directed into an equilibrium mixture 
containing the complex cyanides, free iodine was produced rather than con- 
sumed. The present paper describes experiments in which the light sensi- 
tivity of solutions containing the complex ions is compared with that of 
solutions containing the simple ions. 

Apparatus 
The source of illumination was a 500-watt lamp whose filament covered an area 

about 1.3 cm. square. The lamp was controlled with the aid of a variable resistance 
and an ammeter in series with it; the lamp current was maintained constant a t  4.3 
amperes. Light from this lamp passed through a 6% copper sulfate solution in a 
flat cell, 1 cm. thick; this filter absorbed the infra-red. This cell was fastened to the 
front of the thermostat, which was a large flat-sided glass jar, so as to leave a pocket 
3 cm. in thickness between the cell and the jar. In this pocket was placed a second 
filter mounted on a sheet of brass with a rectangular opening; thii filter served to isolate 
the desired spectral region. The pocket was filled with water to minimize reflection 
losses. The reaction cell which contained the solution to be illuminated was a flat- 
sided bottle, the face of which was 4.5 X 10 cm., and the thickness 2.86 cm. This 
reaction cell was silvered externally except on the face toward the la~pp. The thermo- 
stat with its attached filters was contained in a box provided with a shutter and thermal 
insulation. Arrangement was made so that the lamp and cell could, from one experi- 
ment to another, be brought into the same positions. The experiments were carried 
out a t  0'; to permit this, the thermostat was kept well packed with clean ice except 
in front of the reaction cell, which was close to the thermostat wall. Water was cir- 
culated from bottom to top of the thermostat by an air lift. Ice was also kept in the 
upper part of the filter pocket. 

Analytical Method 
The solutions to be analyzed, whether ferrous-ferric iodine-iodide mixtures or 

ferrocyanide-ferricyanide iodineiodide mixtures, were ordinarily not greatly removed 

a G. B. Kistiakowsky, THIS JOURNAL. 49, 976 (1927). 
F. G. Donnan and R. Le Rossignol, J. Chem. Soc., 83, 703 (1903); G. Just, 

Z. physik. Chem., 63,513 (1908); C. Wagner, ibid., 113,261 (1924); V. K. La Mer and 
K. Sandved, THIS JOURNAL, 50, 2656 (1928); V. K. La Mer and H. B. Friedman, 
ibid., 52, 876 (1930). 
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from equilibrium. They were analyzed for free iodine by the following method: from 
a 0.1 N thiosulfate solution, a solution of convenient strength, usually 0.004 N,  was 
freshly prepared by dilution. Five cc. of this solution was pipetted into 50 cc. of water 
and starch was added. A sample of the solution to be analyzed was withdrawn from 
the reaction cell into a 10-cc. graduated pipet. The solution was then immediately 
run from this pipet into the thiosulfate solution to the appearance of a blue color, 
permanent on stirring. The elapsed time between the withdrawal of the sample and 
the attainment of the end-point was less than two minutes, and most of the solution 
analyzed was discharged into the thiosulfate in considerably less time. The suitability 
of this method for the titration of solutions containing ferrocyanide and ferricyanide 
has been discussed by La Mer and Friedman and by La Mer and Sandved.= 

The Nature of the Photochemical Reaction 
As mentioned above, when light is directed into a ferrocyanide-feni- 

cyanide iodide-iodide equilibrium mixture, the concentration of titratable 
iodine increases. We have supposed that this increase in iodine concentra- 
tion arises from a displacement of the equilibrium, i. e., from the oxidation 
of iodide by ferricyanide. If this be the case then a solution which has been 
removed from equilibrium by shining in light should, when placed in the 
dark, return to equilibrium at. the same rate as a solution of the same com- 
position which has been equally removed from equilibrium by some other 
method, for example, by the dilution of a more concentrated equilibrium 
solution. We have tested this by the following experiment, which was 
carried out in an atmosphere of nitrogen in order t o  eliminate possible 
oxidation by dissolved air. 

Tank nitrogen which had been bubbled through two bottles of strong alkaline 
pyrogallol solution and one bottle of water was used. All flasks used were first filled 
with nitrogen by filling them with water and displacing the water with nitrogen. Solu- 
tions were made up of distilled water which had been boiled for several minutes and 
allowed to cool with a fairly strong stream of nitrogen passing through it; the solutions 
were transferred from one flask to another by the use of nitrogen pressure. 

Sixteen grams of c. P. potassium ferricyanide was dissolved in about 100 cc. of 
water, filtered into a 500-cc. volumetric flask, and a vigorous stream of nitrogen was 
passed through the solution for several minutes; 20.00 g. of c. P. potassium iodide was 
likewise dissolved in about 100 cc. of water and nitrogen was passed through this solu- 
tion for several minutes. It was then transferred to the volumetric flask and water 
was added to the 500-cc. mark. The resulting mixture was transferred to an Erlen- 
meyer flask and nitrogen was passed through it for about ten minutes, during which 
time very little iodine was formed. The mixture was then carefully packed with ice 
and allowed to stand for several days a t  0' until equilibrium was practically attained. 

To 250 cc. of the resulting equilibrium solution a t  O D  an equal volume of oxygen- 
free water (previously cooled to 0') was added. The flask containing the resulting 
solution was packed in ice water and allowed to stand in the dark. Samples of this 
diluted solution were withdrawn a t  intervals by forcing the solution into the 10-CC. 
graduated pipet with nitrogen pressure, and were titrated by the method described 
above. The results of these titrations are plotted as circles in Fig. I. 

V. K. La Mer and H. B. Friedman, THIS JOURNAL, 52,877 (1930); V. K. La Mer 
and K. Sandved, ibid.. 50, 2659 (1928). 
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After about twenty-four h a m ,  this diluted solution had nearly reached equilibrium; 
160 cc. of it was then transferred t o  the reaction vessel ia the ice thermostat and il- 
luminated for three hours through the copper sulfate filter and a l-ern. layer of 16% 
potassium chromate solution. Immediately upon ceasing the illumination the solution 
was placed in the dark and samples were withdrawn a t  intervals and titrated as before. 

The results of this series of titrations are shown as crosses in Fig. 1 ; the 
time origin for the plot relating to the illuminated solution was so chosen 
that the first point (highest iodine concentration) fell on the curve relating 
to the unilluminated solution. If the effect of light was simply the dis- 
placement of equilibrium, then the concentrations of all materials should 
be the same in the two solutions a t  this point. It may be seen from Fig. 1 

Time, minutes. 

Fig. 1.-Comparison of change of iodine concentration with the 
time for two solutions of the same composition, one (circles) having 
been removed from equilibrium by dilution, the other (crosses) hav- 
ing been illuminated. The curve is drawn through the circles. 

that these two solutions returned toward equilibrium at  the same rate a t  all 
times. Moreover, the final iodine concentration arrived a t  was the same 
in each case; twenty-nine hours after the beginning of each experiment that 
for the illuminated solution had become 0.00396 and that for the unillumi- 
nated solution, 0.00398 N. 

When similar experiments were carried out without the precaution of ex- 
cluding air, the coincidence of the two curves was not so complete and was 
especially incomplete if the illumination was a prolonged one; a solution 
which had been given twenty hours' illumination finally came in the dark 
to an equilibrium concentration of iodine about 12% lower than that of a 
corresponding unilluminated solution. 
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In the experiments of Fig. 1, the concentration of the iodine before illumination 
was 0.00398 N; the equivalent concentration of the ferrocyanide (since the solution 
was made up from ferricyanide and iodide) was the same. During illumination, the 
iodine concentration rose to 0.00636 N, an increase of 60%. If this increase were not 
due to a shiit in the equilibrium, the illuminated solution would then not be expected 
to contain the same amount of ferrocyanide as the unilluminated solution of equal iodine 
concentration prepared by dilution, and an equality in the rate of return to equilibrium 
would not be expected, nor should the same equilibrium concentration of iodine be 
reached in the two cases. We take the observed equality as evidence that the photo- 
chemical reaction with the radiation used is a reduction of ferricyanide to ferrocyanide 
by iodide. 

Further evidence that this is the case is furnished by the following experiment in 
which the formation of ferrocyanide on illumination is shown directly. Two solutions, 
the first 0.008 N in iodine and 0.016 formal in potassium iodide, and the other 0.010 M 
in potassium ferricyanide, were made up with no effort to exclude air, and brought 
to 0'. Equal volumes of the two solutions were then mixed, and half the resulting 
solution was immediately transferred to a reaction vessel placed in the ice thermostat. 
Illumination with the 500-watt lamp (through the copper sulfate and potassium chromate 
filters as above) was started at once. At intervals 10-cc. samples of the illuminated 
and of the unilluminated solutions were withdrawn simultaneously and pipetted into 
large test-tubes, each containing 50 cc, of water a t  O D  to which had been added 2 cc. of 
a 2% solution of ferric ammonium sulfate in 0.012 N sulfuric acid. After five minutes' 
illumination the test with the illuminated solution gave a decided blue color of ferric 
ferrocyanide, whereas the test with the unilluminated solution showed no visible trace 
of blue. After ten minutes the results were similar, the color obtained with the il- 
luminated solution being somewhat stronger than before. After twenty minutes the 
illuminated solution gave a still stronger color, while the unilluminated solution now 
gave a faint blue color resulting from the formation of ferrocyanide in the comparatively 
slow thermal reaction. 

The Quantum Yield 

A series of experiments was made in which the photochemical rate of 
production of iodine in ferrocyanide-ferricyanide mixtures was compared 
with the rate of disappearance of iodine in ferrous-ferric mixtures. In 
carrying thjs out, a pair of solutions, one of each kind, was made up and the 
solutions allowed to come substantially to equilibrium a t  0'; the concentra- 
tions were so chosen that the titratable iodine content was about the same 
in each. The ferrocyanide-ferricyanide solutions were all made up as 
described in the previous section, by starting with 16.00 g. of potassium ferri- 
cyanide and 20.00 g. of potassium iodide; in different experiments, the ex- 
tent of dilution was varied. The ferrous-ferric solutions were made up by 
dissolving 4.82 g. of ferrous ammonium sulfate and 0.66 g. of ammonium 
sulfate in water containing 4.2 cc. of 6 N sulfuric acid; to this was added a 
solution of 3.74 g. of potassium iodide and the resulting solution diluted so 
as to give the desired free iodine concentration. The solutions were suc- 
cessively exposed in the same reaction cell under the same conditions. 
During each exposure samples with withdrawn from time to time and ti- 
trated. 
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The results of two typical pairs of such experiments are shown plotted 
in Fig. 2. The abscissas are the time of exposure in minutes and the or- 
dinates are the concentration of titratable iodine in millimoles per liter. 
Only at the beginning of each exposure can the rate of change of iodine con- 
centration be considered to be due to light alone; when sd i aen t  depart- 
ure from thermal equilibrium has - 
been attained, the thermal reverse 
reaction should lower the rate of 
change of iodine concentration. 8.0 - 
We have sought to decrease this 
difficulty by working at 0'. With 
exposures of one hour, in our appa- 6 
ratus, no appreciable change in rate 5 
was observable; consequently, as 9 7.5 

- 

in Fig. 2, a straight line has been 3 - 
taken as the best representation of 
the data. 1 .a 

The results of all pairs of experi- a 
$ 7.0 

ments are summarized in Table I. 3 
The concentrations, given through- 
out in millimoles per liter, apply 3 
to the beginning of exposure. In A 
Col. 2 is given the concentration .F; 
of titratable iodine; this is equal 
(since the solutions were made up 1. 
from iodide and ferricyanide or 
ferric iron) to one-half the milli- 
molal concentration of ferrocya- 
nide or ferrous iron as the case may 
be. The total iodide, given in Col. 3, 0 20 40 60 
is the iodide taken minus the milli- Time, minutes. 
equivalents of titratable iodine. Fig. 2.-Change of iodine concentration 
The concentrations of ferricyanide with the time in ferrocyanideferricyanide 
or ferric iron in cols. 4 and 5 are solutions (circles) and in ferrous-ferric solu- 

tions (crosses) under the same illumination. 
similarly obtained from the titrat- 
able iodine and the amounts of ferricyanide or ferric iron taken. In Col. 6 
is given the fraction of the titratable iodine existing as Is-. This was ob- 
tained using the equilibrium constant (I-) X (Iz)/(13-) = 0.000686, which 
is the value obtained by Jones and Hartmann6 in 0.1 N potassium iodide. 
Although the solutions involved here are by no means perfect, the calcula- 
tions sate to show that most of the titratable iodine was in the form of Is-. 

The potassium chromate filter used in addition to the copper sulfate 
6 G. Jones and M. L. Hamam, THls JOURNAL, 37,241 (1915). 
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TABLE I 
RELATIVE RATES OF PRODUCTION OF IODINE IN FERROUS-FERRIC AND IN FERROCYANIDE- 

FERRICYANIDE SOLUTIONS 

Concentrations in millimoles per liter Rate of 
Titratable production 
iodine = of titratable 

l/z(Fe(CN)e'-) Total (*3-) iodine, milli- Ratio of 
No. or '/z(Fe++) iodide (Fe(CN)sm) (Fe+++) (Iz)  + ( 1 2 3  moles/liter-min. rates 

laa 1.71 117.2 45.3 . . 0.995 +0.0108 .03 
lb" 1.71 7.10 . . 1.25 .889 - .0105 
2aa 1.87 116.8 44.9 . . .995 + .0111 
2ba 1.78 7.64 . . 1.51 .899 - .0108 
3a 1.34 87.6 33.7 . . .993 + .0085 
3b 1.46 8.52 . . 2.26 .912 - .0079 
4a 1.53 98.9 38.1 . . .994 f .0086 .07 
4b 1.59 8.25 . . 1.99 .906 - .0080 
5a 7.53 225.9 82.2 . . .997 + . D l 5 2  
5b 7.98 29.04 . . 4.04 .969 - .0151 
6a 7.59 225.8 82.1 . . .997 + ,0152 
6b 7.93 29.13 . . 4.13 .968 - .0142 
7a" 1.86 116.9 45.0 . . .995 + .0008 0 .  16 
7ba 1.96 5.58 . . 1.08 .893 - .0050 

" Air was not excluded. Filters: K1Cr04 and CuSO4 in Expts. 1-6 inclusive; 
methyl violet, Cu(NO,), and CuSO4 in Expt. 7. 

filter in Expts. 1-6 inclusive was a 1-cm. layer of 16% solution. Examina- 
tion with a spectroscope showed that this filter removed substantially all 
radiation below 5000 A. None of the materials involved in the experiments 
except 13- and I z  gives appreciable absorption of visual radiation of wave 
lengths longer than 5000 A. when present in the amounts used. Conse- 
quently all of the light absorption is attributed to 13-  and 12. The total 
light absorption in any ferrocyanide-ferricyanide solution must have been 
nearly the same as in the companion ferrous-ferric solution, for the propor- 
tion of titratable iodine in the form I Z  was not large even in these latter 
cases. Moreover, unpublished measurements made by Mr. C. F. Carlson 
in this Laboratory have shown that the absorption coefficient of 1% is the 
same as that of 13- at  about 5500 A., and that the absorption coefficients 
do not change rapidly in this neighborhood. 

In Col. 8 of Table I are given the ratios of the rates of appearance of iodine 
in the ferricyanide solutions to the rates of disappearance in the companion 
ferric solutions. For Expts. 1-6 inclusive, where the light absorption was 
due simply to Ig- (and I z ) ,  the ratios are within a few per cent. of unity in all 
cases, i. e. ,  the quantum yield of the two reactions is substantially the same. 
If we may assume that the quantum yield in the ferrous-ferric solutions is 
the same at 0' as in Kistiakowsky's quantum yield determinations, we are 
led to conclude that in the ferricyanide reaction, one molecule of iodine is 
formed per quantum absorbed by I s - .  
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Experiment 7 was made using filters of methyl violet and copper nitrate 
solutions; the combination absorbed strongly above 5000 A. and trans- 
mitted freely below 4700 A. It accordingly transmitted radiation which 
was absorbable by ferricyanide as well as by 13-. In this case the rate in 
the ferricyanide solution fell considerably below that in the ferric solution. 
Apparently, then, absorption by ferricyanide leads to little, if any, produc- 
tion of iodine. 

Discussion 
In the present photochemical experiments resulting in the reduction of 

ferricyanide, the absorbing species was almost exclusively 13-. The forma- 
tion of a theory of this reaction is hampered by lack of knowledge of the 
elementary act accompanying the light absorption. In reviewing the 
photochemical ferrous-ion oxidation, Kistiakowsky7 considered two reac- 
tion mechanisms to be possible 

(1) 13-+ hv - + 1 - + 2 1  
I + Fe++ -+ I- + Fe+++ 

(11) 13- + hv -+ Is- (activated) 
IJ- (activated) + Fe++ ---+ 21- + Fe+++ + I 
I + Fe++ -+ Fe+++ + I -  

Neither elementary act here provides very naturally for the reduction of 
2Fe(CN)eS, but either can be made to do so by supplementing with the 
reaction I + I- -+ Iz- and supposing that Iz- (as well as 13- (activated) in 
11) can act as a reducing agent. The hypothetical ion 12- has been em- 
ployed by Wagner8 to account for the inhibiting effect of the products in 
the thermal reactions 

2Fe+++ + 21- -+ 2Fe++ + 1 2  and 
2Fe(CN)6" + 21- --+ 2Fe(CN)6== 1 2  

and for this purpose has been attributed both oxidizing and reducing proper- 
ties. If i t  be introduced here, the following mechdsms of ferricyanide 
reduction result 

(I) I a - + h v - - - + I - + 2 1  
I + 1- -+ 12- 
12- + Fe(CN)6' -+ 1 2  + Fe(CN)6'" 

(11) 1 3 -  + hv -+ 13- (activated) 
Is- (activated) + Fe(CN)eZ -+ I2 + I + Fe(CN)6"- 
I + I -  -+ 1 2 -  

Iz- + Fe(CN)k --t I2 + Fe(CN)&-" 

To these may be added a mechanism based on a third elementary act 

(111) 11- + hv -+ 1 2 -  + I 
I + I- * 1z -  
Iz- + Fe(CN)eZ + 1 2  + Fe(CN)s" 

7 G. B. Kistiakowsky, "Photochemical Processes," Chemical Catalog Co., Inc., 
New York, 1928, p. 65. 

8 C. Wagner, 2. physik. Chem., 113, 261 (1924). 
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Any of these mechanisms is readily reconciled with our present knowledge 
of the photochemical ferrous-ion oxidation. 

In an investigation of the photochemical reaction between potassium 
oxalate and iodine in iodide solution, Berthoud and Bellenot

g 
developed a 

mechanism of that reaction which led to their empirical kinetic expres- . 
sion; this mechanism supposed that light absorbed by 12. (producing iodine 
atoms) was effective while light absorbed by Is- was ineffective. This 
mechanism would then rule out any elementary act in which iodine atoms 
are produced from 13-; this would eliminate I and I11 above. However, 
we are a t  present disinclined to accept this conclusion; for it is possible to 
set up a mechanism leading to the kinetic expression of Berthoud and Belle- 
not without assuming light absorbed by IS- to be ineffective.1° 

In conclusion we may say that whatever the elementary act accompany- 
ing light absorption by 18- may be, it is clear that in it or in the subsequent 
reactions both oxidizing and reducing configurations are produced which 
are not to a great extent present in the unilluminated solution. The tenta- 
tive assumption of the ion 12- is a simple hypothesis which satisfies these 
requirements. 

summary 
It is found that when a ferrocyanide-ferricyanide iodine-iodide solution 

is illuminated with light absorbable by 13- but not by the complex cyanides, 
reduction of ferricyanide and oxidation of iodide occurs. The quantum 
yield is found to be substantially the same as that in the oxidation of fer- 
rous ion in iodineiodide solutions. Some possible mechanisms of the re- 
action are discussed. 

PASADENA, CALIFORNIA 

@ A. Berthoud and H. Bellenot, J. chim. phys., 21, 308 (1924); Helv. Chim. Ach,  
7, 307 (1924). 

10 This is accomplished, for example, by the following mechanism which is similar 
to that of Berthoud and Bellenot but diiers from it in two important respects: (1) 
light absorbed by Ia- is effective; (2) the inhibiting effect of I- is attained through the 
formation of 1%- from I- and I. The reactions are: 

hr + 18- + In' + I (or I- + 21) (1) 
1+GOc- *GO,-+I- (2) 
1,- + Go*- -+ 2C0n + 12- + 1- (3) 

or In + God- --+ 2COn + In- 
12- + 4- --t It' + I-  (4) 

I f I- G 1%- (5) 

If the equilibrium (5) is assumed to be rapidly established, the usual treatment leads 
to the expression 

-- (Cod-) 
dt 

for the case of low absorption, which agrees with that of Berthoud and Bellenot. 



Dec., 1930 THE PERSULFATE-THIOSULFATE ION REACTION 4779 

[CONTRIBUTION PROM THE DEPARTMENT OF C~EGMISTRY, WASIIINGTON SQUARE COLLEGE, 
NEW YORX UNIVERSITYI 

KINETICS OF THE REACTION BETWEEN PERSULFATE AND 
TRIOSULFATE IONS IN DILUTE AQUEOUS SOLUTION 

BY CECIL V. KING AND Om, F. STEINBACH 
RBCBIVED AUGUST 20,1930 PUBLXSHBD DECEMBER 18, 1930 

In the year 1897 Marshall1 found that if a very slight stoichiometric 
excess of potassium persulfate were allowed to react with potassium thio- 
sulfate, he could prepare pure tetrathionate. He also found that if excess 
thiosulfate were used, he could prepare trithionates2 These experiments 
are reviewed by PriceJs who, however, did not investigate the reactions 
himself. 

Marshall used rather concentrated solutions and did not study the speed 
of the reaction. No such study has been made until the present time, al- 
though the reaction was investigated from a quantitative standpoint by 
S~hwicker.~ 

Schwicker found that in dilute solution in the cold the reaction was very 
slow, but that if a small amount of persulfate were boiled with excess N/lO 
thiosulfate, titration with iodine showed quantitative oxidation to tetra- 
thionate. With potassium iodide present the oxidation to tetrathionate 
was also quantitative and much faster. 

Experiments in this Laboratory6 confirmed the fact that in dilute solu- 
tion, at  room temperature, the formation of tetrathionate is quantitative, 
within a few tenths of one per cent. with either persulfate or thiosulfate in 
considerable excess, with or without potassium iodide present. 

A series of preliminary experiments on the velocity of the reaction in 
dilute solution6 showed some interesting results. First, the reaction is 
catalyzed enormously by copper salts, much less by iron salts, very little 
by silver salts; other catalysts are quinone, quinhydrone and hydroquin- 
one. Second, impurities in the water or the salts used have a large and 
uncontrollable catalytic effect. Consequently, most of the experiments 
reported here were carried out with water redistilled from dilute perman- 
ganate. Third, although the uncatalyzed reaction is stoichiometrically 
trimolecular 

% O r  + 2S20s- -+ 2SOr f &a- 
kinetically it follows the unimolecular law with some tendency in certain 
solutions to deviate in the direction of a zero or second order reaction. 

Marshall, J. Soc. C h .  Ind., 16, 396 (1897). 
Mackenzie and Marshall, J. Chem. Soc., 93, 1726 (1908). 
Price, "Peracids and Their Salts," Longmans. 1912, p. 36. 
Schwicker, 2. anal. Chem., 74, 433 (1928). 

6 By Miss Minor Cook. 
Most of the experiments by Mr. Abraham Berkowitz. 
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Over a considerable range of concentrations, in ordinary distilled water or 
specially purified water, the velocity is unimolecular with respect to the 
persulfate ion and almost, though not quite, independent of the thiosulfate 
concentration. 

Materials and Methods 
Potassium persulfate was recrystallized from ordinary distilled or redistilled water 

between 50 and 0" until free from sulfate and dried over sulfuric acid. Standard 
solutions were made by direct weighing. Sodium thiosulfate was recrystallized two 
or three times, dried in air and the solutions made up in freshly boiled water; 0.08 M 
solutions in ordinary distilled or redistilled water were standardized by the persulfate- 
iodide or the permanganate method, and did not change their titer over periods as 
long as four months. 

Potassium iodide, chloride and sulfate were recrystallized similarly, dried in air 
a t  suitable temperatures and standard solutions made by direct weighing of the salts. 
A stock solution of copper sulfate was made from recrystallized CuS04.5Hp0 and 
standardized by adding potassium iodide and titrating the liberated iodine, as recom- 
mended by Fales.' The solutions used were made from this by quantitative dilution. 

In  the preliminary experiments mentioned before, the persulfate and thioscilfate 
concentrations were varied considerably to establish the character of the reaction. In 
the experiments reported in detail here the persulfate concentration was always made 
0.01 M and the thiosulfate 0.02 M. these being the correct stoichiometric proportions; 
the main interest here lies in the catalytic effects, and with these concentrations the 
unimolecular law is followed closely over two-thirds of the reaction, except in certain 
solutions, as will be shown later. Suitable standard solutions of the salts used were 
pipetted from flasks in a large thermostat a t  25O (*O.OIQ), thoroughly mixed and re- 
placed in the thermostat. After suitable time intervals 50cc. portions were withdrawn 
and titrated with a 3040% alcoholic solution of iodine (about 0.01 M It) containing 
about 0.02 M potassium iodide. An aqueous solution containing more potassium iodide 
could not be used, since the persulfate oxidizes the iodide too rapidly during the titra- 
tion; and from an aqueous solution 0.02 M in potassium iodide the iodine escapes too 
rapidly for accurate titration unless special precautions are taken. 

The experiments using ordinary distilled water and redistilled water are 
listed in separate tables for comparison. It will be noted that the velocity 
in individual experiments is far different, but in spite of this the conclusions 
with regard to the catalytic effects are changed very little. 

The velocity constants were obtained by plotting the logarithm (to 
the base 10) of the number of cc. of iodine used for the individual titrations, 
against the time in minutes; the slope of the straight line drawn through 
these points, multiplied by 2.303, gives the velocity constant. In other 
words, log10 (a - x )  is plotted against t in the equation 

kt = 2.3 log -!!- 
a - x  

where a is the initial concentration of persulfate and a - x the concentra- 
tion a t  the time t, both expressed in cc. of iodine solution required. The 
value of k obtained is, of course, the same as if moles per liter of persulfate 

' Fales, "Inorganic Quantitative Analysis," The Century Co., New York, 1925. 
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were substituted; and the method does not even require standardization 
of the iodine solution. The logarithm of the initial titration is given, if 
desired, by the extrapolation of the straight line to zero time. 

The reproducibiIity of these experiments is not high, but is, on the whole 
satisfactory when we consider the ease with which thiosulfate is oxidized 
and the anomalous character of the persulfate oxidations. It will be re- 
called that the velocity of the persulfate-oxalate oxidation catalyzed by 
silver ion is quite un~ontrollable.~ Here we have a very easily oxidized 
substance (thiosulfate) and a very active oxidizing agent (persulfate, capa- 
ble even of oxidizing manganese salts to permanganate (with a catalyst)) ; 
the system is unstable and extremely sensitive to traces of catalysts. Con- 
sequently the highest degree of reproducibility cannot be expected. 

1. The Uncatalyzed Reaction.-An example of the actual titrations 
obtained is given in Table I. 

TABLE I 
DETAILS OF THE MEASUREMENTS IN ONE EXPERIMENT 

0.01 M K&zOs; 0.02 M NaSzOs; redistilled water; 25" 
Time, min. 0 165 295 445 555 675 800 
Iodine, cc. . 41.90 40.94 39.95 39.19 38.33 37.58 

From the plot of log cc. 13 vs. time, k = 0.000177. 

Tables I1 and I11 summarize a number of experiments with ordinary dis- 
tilled and redistilled water, and show the effect of an inert salt (potassium 
chloride) on the reaction velocity. 

TABLES 11 AND 111 
SUMMARY OF RESULTS FOR THE UNCATALYZED REACTION 

0.01 M KzSOS; 0.02 M Na,SsOt; 25O 

ORDINARY DISTILLED WATER REDISTILLED WATER 
k ,  no. KC1 k, 0.02 M KC1 k, 0.00 M KC1 k, no. KC1 k, 0.02 M KC1 k, 0.06 M KC1 

0.000357 0.000444 0.00132 0.000191 0.000262 0.000427 
341 437 106 182 270 443 
274 374 283 480 
255 424 283 
262 460 263 
595 471 296 
606 733 287 

293 

Discussion 

Tables I1 and I11 show that the purity of the water has an enormous 
effect. The experiments in Table I1 are far from reproducible; this finally 
led to the use of redistilled water, and the experiments in Table I11 are 
much more concordant. Water redistilled in different stills, with glass or 
tin condensers, from ordinary distilled water from different sources, gave 

8 King, THIS JOURNAL, 50, 2089 (1928). 
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fairly concordant results, and it is doubtful whether a very elaborate 
purification of the water would give much lower velocities. I t  is just pos- 
sible that in absolutely pure water no reaction would occur, and that 
the reaction shown here is catalytic in character. Further experiments 
are in progress to establish this point. 

Another observation from Tables I1 and I11 would agree with this. 
The salt effect is positive, abnormally high and with the ordinary distilled 
water a t  least, of an abnormal type-t11e salt effect increasing as the salt 
concentration increases. Now according to the well-substantiated theory 
of Bronsted, no unimolecular reaction could have a positive salt effect, 
since the salt effect is indicated in the equation 

k = koF 

where k is the observed velocity constant, ko the constant at  zero ionic 
strength and F the "kinetic activity factor," in this case the activity coeffi- 
cient of the reacting ion. F must decrease as the salt concentration is 
increased, at  least in any usual case a t  low ionic strengths. 

The same is true for a pseudo-unimolecular reaction between an ion and 
one or more neutral molecules present in constant concentration. The 
only kind of reaction which will satisfy the observations here is one between 
the persulfate ion and another negative ion present in constant concentra- 
tion. A positive ion would mean a negative salt effect. The thiosulfate 
ion cannot be the negative ion, for its concentration is continually changing 
and the velocity is independent, or nearly independent of its concentration: 
The alternate conclusion is that the velocity-determining reaction is be- 
tween the persulfate ion and an unknown, negative ion present in small 
amount as an impurity in the water. This mechanism seems untenable too, 
for the catalyst in ordinary distilled water is apparently some nearly non- 
volatile substance and it seems improbable that such impurity would always 
be present in practically the same concentration in the redistilled water. 

2. The Catalysis by Iodide Ion.-Since the persulfate-iodide oxidation 
,320s- + 21- --+ 2 s o r  + 1 2  

is much faster than the reaction 
&Os- + 2SzOa- + 2SOC 3. &Of.' 

and the reaction between thiosulfate and iodine 
2,3200" + Iz ---f s40s' + 21- 

is practically instantaneous, it is reasonable to expect that iodides will 
catalyze the oxidation of thiosulfate. If the mechanism of the catalysis 
is entirely as outlined above, it should be possible to measure the velocity of 
the persulfate-iodide reaction from the catalytic effect on the persulfate- 
thiosulfate reaction; the two should be additive. Since the iodide is re- 
generated as fast as it is used up, its concentration is constant, and the 
total reaction will be unimolecular in character. By subtracting the uni- 
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molecular constant for the uncatalyzed from that for the catalyzed reaction 
(at the same ionic strength), and dividing by the iodide concentration, we 
will obtain the himolecular constant for the persulfate-iodide reaction. 
This can then be compared with the persulfateiodide constants determined 
directly with no thiosulfate present. 

Similar examples of "induced catalysis" of this type are known, as the 
catalysis of the persulfate oxidation of phosphorous acid by iodide, meas- 
ured by Federliag Here the reactions are 

S20.3- + HsPOS + H20 -+ 2SO4- + Hap04 + 2HC (1) 
%Os' 3- 2 1- + 2SOd f 1% (2) 

HsPOs + It + Hz0 -+ Hap04 f 21- + 2Hf (3) 
and the net effect is similar, except that (3) is slower than the iodine-thio- 
sulfate reaction; consequently, free iodine makes its appearance in the 
solution. Federlin concluded that the total rate of oxidation of phosphor- 
ous acid could be predicted exactly from the rates of the three reactions; 
as a mattter of fact, our examination of his data shows that the agreement 
is by no means good.IO 

In our experimental work we have two series of experiments in each of 
which the iodide-ion concentration is varied while the ionic strength is 
kept constant by suitable addition of potassium chloride to take the place 
of potassium iodide. The first series was run with both ordinary distilled 
and redistilled water, and it will be noticed that the persulfate-iodide 
constant is not much different, although the observed velocity is consider- 
ably different in the two cases. 

Tables IV, V and VI give the results of these experiments. The total 
observed unimolecular constant is k; with no potassium iodide present, but 
potassium chloride to keep the ionic strength the same, kl = k .  k2 = 

k - kl, i. e., k2 is the increase in velocity constant caused by the potassium 
iodide; and kg is kz divided by the concentration of potassium iodide, i. e., 
the bimolecular persulfate-iodide constant in the presence of thiosulfate. 

TABLE IV 
S ~ A R Y  oe EXPERIMENTS ON THE CATALYSIS BY IODIDE 

0.01 M K&Os; 0.02 M Na&Ol; 0.02 M (KC1 + KI); ordinary distilled water; 
25O; average value kI = 0.000435 (see Table 11). 

C K C ~  CKI k ka kr 

0.016 0.004 0.00133 0.00090 (0.224) 
.012 .008 .00179 .00135 .I69 
.010 .010 .00214 .00171 .I71 
.008 .012 .00242 .00198 .I65 
.004 .016 .00318 .00274 .I71 
.O .02 .00399 .00355 .I77 

Mean 0.171 

9 Federlin, 2. physik. Chem., 41, 565 (1902). 
10 A similar example is given by Abel, 2. Elekfrochem., 14, 598 (1908). 
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TABLE V 
SUMMARY OF EXPERIMENTS ON THE CATALYSIS BY IODIDE 

Concentrations as in Table IV; redistilled water; value of kl used determined on 
same days as k (see Table 111). 

C K C ~  CKI k ks 

0.016 0.004 0.000954 0.173 
.016 .004 .000937 .I63 
.012 .008 .00158 .I65 
.012 .008 .00159 .I62 
.008 .012 .00227 .I68 
.008 .012 .00229 .I66 
.004 .016 .00294 .I67 
.004 .016 .00294 .I67 
. O  .02 .00361 .I67 - 

Mean 0.166 

The bimolecular constant ka is, within experimental error, the same over a 
considerable range of iodide concentration, and its value is changed but 
little by the use of ordinary distilled or redistilled water. Table VI shows 
the effect of a higher salt concentration on the velocity. 

TABLE VI 
SUMXARY OF EXPERIMENTS ON THE CATALYSIS BY IODIDE 

0.01 M K&Os; 0.02 M NazSzOa; 0.06 M (KC1 + KI); redistilled water; 2.5"; 
k1 determined on same days as k (see Table 111). 

CKCI CKI k ka 

0.056 0.004 0.00125 0.203 
.056 .OM .00130 .205 
.052 .008 .00209 .206 
.052 .008 .00221 .216 
.048 .012 .00294 .208 
.044 .016 .00377 .207 
.044 .016 .00372 .206 
.04 .02 .OM77 ,216 

Mean 0.208 

Discussion 

From Tables V and VI it is seen that the salt effect on the persulfate- 
iodide reaction is positive, as is to be expected for a reaction between two 
ions of the same sign, and it is also normal in magnitude. We now come to 
the question of whether the velocities of the two slow reactions concerned 
are additive; i. e., whether the mechanism of the catalysis is as outlined 
above and the two independently measurable reactions with the one in- 
stantaneous reaction account for the observed velocity. A comparison of 
the persulfateiodide constant recorded here with constants recalculated 
from the data of Price on this reaction,ll and measurements in this Labora- 

l1 Price. 2. physik. Chem.. 27, 474 (1898). 
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tory12 led us to suspect that these constants were somewhat lower than the 
persulfate-iodide constants determined directly in solutions of the same 
ionic strength; however, the authors mentioned did not use solutions of 
exactly comparable composition. It is not always possible t o  compare 
velocities in solutions of the same ionic strength, even if the salts involved 
are of the same valence type, because of a considerable difference in specific 
salt effect, unless the concentrations are extremely low. 

For this reason, a few experiments were made on this reaction in 
comparable solutions, replacing sodium thiosulfate with potassium sulfate, 
a salt of the same valence type. The constants were calculated from meas- 
urements made on the first one-fourth of the reaction, to  avoid the com- 
plicating influence of the iodine formed (see previous work on this reaction). 
The results are recorded in Table VII. 

TABLE VII 
BIMOLECULAR CONSTANTS FOR THE PERSULFATE-IODIDE REACTION (NO THIOSULFATE 

PRESENT) 
0.01 M KzSz08; 0.02 M K&04; redistilled water; 25O 

CKCI CKI ka 

0.012 0.008 0.213 
.008 .012 .216 
,052 .008 .262 
.048 .012 .268 

As expected, these results show that the persulfate-iodide reaction, 
measured in the presence of thiosulfate, is several per cent. slower than when 
measured independently. This might be explained in one of three ways: 
(1) the specific salt effect of sodium thiosulfate is far different from that  of 
potassium sulfate, which seems hardly probable; (2) the iodine-thiosul- 
fate reaction is not as fast as supposed (which would keep the iodide con- 
centration lower than that specified, and would necessitate the appearance 
of free iodine in the solution; this was never observed even with the aid 
of the starch test) ; or (3) one of the reactions, persulfate-iodide or iodine- 
thiosulfate, takes place in steps, resulting in the accumulation in solution 
of some colorless intermediate compound. This last seems possible, as 
both reactions are stoichiometrically trimolecular. We have, however, no 
way of testing this possibility. Two comments can be made: the agree- 
ment observed here is as good as that observed by Federlin in the case of 
the reaction mentioned before, and work in progress in this Laboratory 
shows that the velocity of the persulfate-iodide reaction is normal in the 
presence of extremely small concentrations of thiosulfate (10-~-10-~ M ) .  

3. The Catalysis by Copper Ion.-Price," in his early work on the 
persulfate-iodide reaction, found that the velocity was increased enor- 
mously by iron and copper salts. The work reported here shows that cop- 

l2 Jette and King, THIS JOURNAL, 51, 1048 (1929). 
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per salts have also an enormous effect on the persulfate-thiosulfate reac- 
tion. Price found a different catalytic effect of iron and copper salts in 
neutral and acid solution; both were fairly reproducible. Because of the 
decomposition of thiosulfate in acid solution most of our experiments were 
in neutral solution; a few, however, were carried out with a low concentra- 
tion of acid present and are reported in the table. 

It has been reported that traces of copper salts greatly accelerate the at- 
mospheric oxidation of thiosulfates.13 However, we believe this caused 
little error in the experiments reported here. A more important reaction 
which occurs in the system is that of cupric ion and thiosulfate.14 Cupric 
ion is reduced to cuprous by thiosulfate, and negative complex ions of the 
type CU(&O~),~ are formed. The importance of this knowledge will be 
seen in the discussion. 

If we assume that the cuprous copper is oxidized to cupric and instantly 
reduced by thiosulfate to cuprous again, we have a plausible mechanism 
for the catalysis. The relatively enormous catalytic effect is explained by 
the great speed of the persulfate-cuprous reaction. In this case again, by 
subtracting the constant of the uncatalyzed reaction (kl), we obtain the 
part of the constant due to the copper catalysis, or, in other words, the 
constant of the persulfate-cuprous reaction. This reaction is pseudo- 
unimolecular, since the cuprous-ion concentration remains constant. On 
dividing this value by the copper-ion concentration, we obtain the bi- 
molecular constant for the persulfate-cuprous reaction (k4). The agree- 
ment of these constants as the copper-ion concentration is varied shows that 
this reaction is bimolecular, and gives a method of learning the velocity of 
this reaction, which cannot be measured directly as can the persulfate- 
iodide reaction. 

With copper ion as the catalyst, there was a deviation from the unimo- 
lecular law, amounting to as much as 6 or 8% on the logarithmic plot when 
the reaction was half over. Hence a straight line was drawn as well as 
possible, tangent to the actual curve a t  zero time, and the slope of this 
line was taken as the best measure of the velocity in the first part of the 
reaction. The deviations were probably caused by the catalysis of side 
reactions; for instance, if the copper-ion concentration is high enough, 
sulfur is precipitated in the solution and the odor of hydrogen sulfide is 
apparent. 

Since the copper-ion concentrations were so low, it was unnecessary to 
add varying amounts of another salt to keep the ionic strength constant. 
Experiments were run side by side with the catalyzed and uncatalyzed re- 

l8 See Hahn and Clos, 2. anal. Chem., 79, 11 (1929). 
" Mellor, Treatise on Inorganic and Theoretical Chemistry, Vol. X, p. 530; Du- 

toit, J .  clzim. Phvs.. ll, 650 (1913); Bassett and Durrant, J. Chqm. Soc., 123, 1279 
(1923) 
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TABLM VIII AND IX 
SUMMARY OF EXPERIMENTS WITH COPPER ION AS CATALYST 

0.01 M KAOs; 0.02 M NaaSiOl; 25' 
ORDINARY DISTILLED WATER REDISTILLED WATER 

Ccu804 X 10' k kr C C ~ S O ~  x los k 
0 0.000595=kl . . . 0 O.O00191==k~ 
0 .000606=kl ... 0 .000182=k1 
2.5 ,00926 347 2.5 .0114 
1.25 .00471 329 1.25 .Om02 
0.5 .00232 318 0.5 .00244 

.5 .00218 342 .25 .00135 

.I25 .00102 337 .25 .000771 
.05 .000800 (410) .I25 .OW335 
.05 .000813 (414) - Mean 

Mean 334 

TABLES X AND XI 
SUMMARY OF EXPERIMENTS WITH COPPER ION AS CATALYST 

0.01 M KzSaOs; 0.02 M NaaSlOa; 0.02 M KCl; 25' 
ORDINARY DISTILLED WATER REDISTILLED WATER 

CCUSO~ X lo6 k k4 Ccusor X 105 k 
0 0.000471=kl . . . 0 O.O00283=kl 
2.5 ,0114 436 0 .000283=kl 
2.5 .0109 416 2.5 .0138 
1.25 ,00607 447 1.25 .00718 
1 .O ,00489 432 0.5 .00285 
0.75 ,00390 457 .25 .00166 

.5 .00291 487 .25 .00155 

.5  .00291 488 .I25 .00100 

.I25 .00125 (624) .05 - .ooo549 
.0125 .OW347 

Mean 452 
Mean 

TABLES XI1 AND XI11 
SUMMARY OF EXPERIMENTS WITH COPPER ION AS THE CATALYST 

0.01 M KaSaOs; 0.02 M Na&Os; 0.06 M KCI; 25' 
ORDINARY DISTILLED WATER REDISTILLED WATER 

(FROM Two SOURCES) 
CCUSO~ x lo5 k kr CCUSO~ X lo6 k 

0 O.O0132=kl . . . 0 0.000509=k1 
1.25 .00887 604 0 . 000%3=k1 
0.5  .00428 59 1 2.5 .0190 

.I25 .00214 655 1.25 .00966 
0.5 . a 1 3  

0 0.00106=k1 . . .  . 5  .00400 
2.5 .0162 605 .25 .00221 
0.25 .00266 641 .25 .00227 

.I25 .00179 588 .05 - .000869 
.0125 .000629 

Mean 614 
Mean 
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TABLE XIV 
THE EFFECT OF Hf ON THE COPPER CATALYSIS 

0.01 M &S,Os; 0.02 M Na2S20s; 0.02 M KCI; 1.25 X M HzSO4; ordinary 
distilled water; 25 

C C ~ S O ~  X lo5 k k4 

0 O.O00733=k . . . 
2.5  .0111 414 
1.25 .0Q642 454 
1.25 .00662 470 
0 . 5  .00292 436 

.25 ,00191 470 - 
Mean 455 

actions, to eliminate any effect from different samples of water. The re- 
sults are given in Tables VIII-XIV. 

Discussion 
The constancy of the values of k4 in each table indicates that we are actu- 

ally measuring the velocity of a definite bimolecular reaction, which proba- 
bly is, as suggested before, the oxidation of cuprous ion (in a negative com- 
plex with the thiosulfate ion) by persulfate. The tables show that in this 
case the character of the water used has an effect on the persulfate-cuprous 
reaction, though not as large as on the persulfate-thiosulfate reaction. The 
salt effect is positive, in complete agreement with the belief that the velocity- 
determining reaction is between two negative ions. The effect of hydrogen 
ion is curious; although it increases the velocity of the persulfatethio- 
sulfate reaction a great deal, its effect on the persulfate-cuprous reaction is 
negligible. Although cupric ion would be considerably hydrolyzed in 
pure water solution, evidently in the thiosulfate solution the copper ion is 
all in the same form whether H+ is present above its normal value in water 
or not. This is different from the effect of copper salts on the persulfate- 
iodide reaction; Price found that acids had a considerable effect on the 
velocity, presumably because they decrease hydrolysis of the copper ion. 
Price's data show considerable variation in the value of the persulfate- 
cuprous constant, chiefly because the straight line obtained by plotting 
copper-ion concentration against increased velocity constants does not 
extrapolate to zero effect at  zero concentration for some reason. 

Inspection of Price's results shows that copper ion does not have as great 
an effect on the persulfateiodide reaction as on the persulfate-thiosulfate 
reaction; 0.0025 M copper ion increases the velocity three to five times in 
the former case, very much more in the second. The mechanism of the 
catalysis in the two cases is different; in the first the copper is probably kept 
in the form of positive cupric ion, in the second by the extremely rapid reac- 
tion with thiosulfate, in the form of negative cuprous complex ion. 

A point worthy of interest is the possibility of measuring the velocity of 
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extremely rapid reactions by such a catalytic method as this. The iodide 
catalysis shows that the assumption of additive velocities is not far from 
true, and, if the same is true in the copper catalysis, we have a means of 
ascertaining, roughly a t  least, the velocity of a reaction up to  1000 times 
as fast (for equal concentrations) as those easily measured by the usual 
means. Direct measurement of such velocities can be accomplished only 
by some such scheme as that of Hartridge and Roughton,16 used later by 
Saal16 and by La Mer and Read.17 

4. The Combined Catalysis by Iodide and Copper Ions.-The addition 
of both copper and iodide ions to the persulfate-thiosulfate system presents 
interesting possibilities. Price studied the effect of both copper and iron 
ions together on the persulfate-iodide reaction and found that the two 
together had practically twice the catalytic effect calculated from adding 
their separate effects. He was unable to explain this, except rather vaguely 
as a "promotcr" effect. 

There is a possibility in this system of at least six reactions, some measur- 
able, some immeasurably fast. 

(1) The persulfate-thiosulfate reaction 
(2) The persulfate-iodide reaction measured before 
(3 )  The persulfate-cuprous reaction 
(4) The thiosulfate-cupric reaction 
(5) The thiosulfate-iodine reaction 1 "instantaneous" 

(6) The cupric-iodide reaction very fast 

The copper saIt may catalyze the persulfate-iodide reaction, and so 
increase the effect of the iodide on the persulfate-thiosulfate reaction; or 
the iodide may catalyze the persulfate-cuprous reaction, through Reaction 
6, and hence increase the effect of the copper salt on the persulfate-thio- 
sulfate reaction; i. e. ,  if the iodide can complete its cycle of iodide-iodine- 
iodide through the path of Reactions 6-5 faster than through Reactions 2-5, 
or the copper can complete its cycle cuprous-cupric-cuprous faster through 
Reactions 3-6 than through Reactions 3-4, there will be an unusually large 
catalytic effect. 

By a process similar to that used in the last section, from a suitable 
number of experiments we can obtain the constant for either Reaction 2 or 
3 in this mixed solution, and compare it with those obtained before. T o  
obtain the most concordant results, i t  was found necessary to  run all experi- 
ments used in these calculations simultaneously, since, in general, the ve- 
locity constants were reproducible on the same day, with the same ma- 
terials, but might vary 5-10% on different days. Consequently, experi- 
ments were run with no copper or iodide, some with copper, some with io- 

'6 Hartridge and Roughton, Proc. Roy. Soc. (London), 104A, 376 (1923); Proc. 
Cambridge Phil. Soc., 23, 450 (1926). 

'6 Saal, Rec. trav. chim., 47, 73, 264, 385 (1928). 
'7 La Mer and Read, THIS JOURNAL, 52, 3098 (1930). 
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TABLE XV 
EXPERIMENTS WITH BOTH IODIDE AND COPPER IONS AS CATALYSTS 

0.01 M K2S20s; 0.02 M Na&Oa; 0.02 M (KC1 + KI); redistilled water; 25". 
ccuw4 x lo6 CKCI Cm k ka kr 

... 0 0.02 0 0.000287=k1 ... 
.000293=k1 ... ... 

0 .016 0.004 .OOO937 0.162 ... 
0 .012 .008 .00159 .I62 ... 
0 .008 .012 .00229 .I66 . . .  
1 .02 0 .00555 ... 526 
1 .016 .OW .00654 .241 560 
1 .012 .008 .00724 .214 565 
1 .008 .012 .00840 .239 610 
0.75 .02 0 .00432 ... 538 

.75 .016 .004 .00498 -163 538 
.5 .02 0 .00297 ... 537 

.00289 ... 518 
.5 .016 .004 .00380 .206 571 
.5 .012 .008 .00443 ,193 568 
.5  .008 .012 .00527 .I98 594 
.375 .02 0 .00233 ... 546 

.00226 ... 578 
.375 .016 .004 .00313 .I98 584 
.375 .012 .008 .00385 .I91 604 
.375 .008 .012 .00461 .I96 618 
.25 .02 0 ,00170 ... 556 

.00162 ... 529 
.25 .016 .OM .00244 .I91 602 
.25 .012 .008 .@I317 .I94 632 
.25 .008 .012 .00386 .I87 625 
.I25 .02 0 .000980 ... 564 
.I25 .016 .004 .00176 .I94 657 

TABLE XVI 
EXPERIMENTS WITH BOTH IOD~DE AND COPPER IONS AS CATALYSTS. HIGHER IONIC 

STRENGTH 

0.01 M KeSOs; 0.02 M Nak&Oa; 0.06 M (KC1 + KI); redistilled water; 25' 
ccuso4 x lo6 CKCI Cm k kr kc 

0 0.06 0 0.000480=k1 ... ... 
0 .056 .004 .00130 0.205 ... 

... 0 .052 .008 .0022 1 .216 
0.5 .06 0 .00413 ... 730 

.5 .056 ,004 .@I512 .246 763 

.5 .052 .008 .00615 .252 788 

.375 .06 0 .00333 ... 761 

.375 .056 .004 .00421 .219 776 

.375 .052 .008 .00533 .249 834 
-25 .06 0 .00221 ... 691 
-25 .056 .004 .00325 .261 782 
-25 .052 .008 .00421 .250 801 
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dide and some with both, on the same day. Tables XV and XVI show the 
results of these experiments: k is again the total observed unimolecular 
constant; kt the constant with no catalyst present; ka the persulfateiodide 
constant, obtained by subtracting k with copper but no iodide present from 
k with iodide and the same copper-ion concentration and dividing the dif- 
ference by the iodide-ion concentration. Again, k4 is the constant of the 
persulfate-cuprous reaction, obtained by subtracting k with iodide and 
no copper ion present from k with copper ion present and the same iodide 
concentration and dividing the difference by the copper-ion concentration. 

Discussion 

It will be noticed that in these mixed solutions thevalues of the persulfate- 
cuprous constants and of the persulfate-iodide constants are not as con- 
cordant as in the previous experiments with simpler solutions. This is to 
be expected since the experimental errors are greater, and the more catalytic 
effect, the greater the deviation from the unimolecular law for individual 
reactions (however, the deviation of points in the logarithmic plot never 
exceeded 8% when the reaction was half over). One consistent variation 
seems to be that the catalytic effect of the copper, per mole of copper salt, 
increased with decreasing copper-ion concentration. This is difficult to 
explain, but is exactly what Price found in the copper-ion catalysis of the 
persulfate-iodide reaction. When the catalytic effect is plotted against 
copper-ion concentration, the straight l i e  found does not extrapolate to 
zero effect for zero concentration. 

In these solutions it will be noticed that the persulfate-iodide constant 
is increased practically to the normal value (see Table VII). We cannot 
tell whether this is because the additional catalytic effect of this small 
copper-ion concentration is just sufficient in these solutions to bring the 
value up fortuitously, or whether (he copper prevents some other reaction 
which has an inhibiting effect on the persulfate-iodide reaction. How- 
ever, there is by no means the same catalytic effect of copper ion on the 
persulfate-iodide reaction that would be found if thiosulfate were absent; 
while there is undoubtedly some effect of the iodide on the persulfate- 
cuprous reaction, it is not large; there is no large unexplained "promoter" 
effect such as Price found with two catalysts present. In other words, only 
few if any copper and iodide ions go through the alternative cycles dis- 
cussed at the beginning of this section. 

5. The Effect of a Non-electrolyte (Cane Sugar) on the Velocity.- 
Several attempts have been made in recent years to correlate the effect of 
non-electrolytes on the velocity of ionic reactions, without a high degree of 
success. If the effect of the non-electrolyte were merely to change the 
activity coefEcients of the reacting ions, then we should be able to make pre- 
dictions. From the expression 
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we see that any change in D, the dielectric constant, caused by a non-elec- 
trolyte should show a corresponding change in f; in fact 

With regard to "neutral salt effect" on ionic reaction velocities, there is 
no doubt that the activity coefficient is all-important, but the effect of 
non-electrolytes is by no means merely that of changing the activity coef- 
ficients. 

By measuring the effect of a non-electrolyte on the persulfate-thiosul- 
fate reaction alone and in the presence of iodide, we can also find the effect 
on the persulfate-iodide reaction. The latter has been measured before 
in solutions containing no thiosulfate; hence we can compare the effect in 
the two cases. 

The experimental methods were the same as before. Ordinary distilled 
water was used, hence Table XVII should be compared with Table IV. 

TABLE XVII 
THE EFFECT OF SUCROSE ON THE CATALYZED AND UNCATALYZED REACTION 

0.01 M Kj&Oa; 0.02 M Na&Oa; ordinary distilled water; 25 ". 
Csucmse CKC> CKI k k-  
0 0 0 0.0002,55 
0.35 0 0 .000390 

.70 0 0 .000818 
1.05 0 0 ,00120 
0 0 02 0 .GO0460 
0.35 .02 0 .000620 

.70 .02 0 . 00 102 
1.05 .02 0 ,00142 

0.35 ,012 0.008 ,00229 0.207 
.35 .006 .014 ,00348 .203 
.35 0 .02 .00469 ,203 

.70 ,012 ,008 00308 ,263 

.70 ,006 .014 ,00444 246 

.70 0 .02 00576 .238 

1.05 .012 ,008 .00341 .249 
1 05 .006 .014 .00493 .250 
1.05 0 .02 ,00633 .240 

Discussion 
The constants for both the persulfate-thiosulfate and the persulfate- 

iodide reactions are increased by the cane sugar; this agrees with the work 
of Kiss and Hatzl8 on the persulfate-iodide reaction above. 

l8 Hatz, Magyar Chem. Folyoirat, 34, 141, 154, 177 (1928); C. A.,  23,4872 (1929); 
Kiss and Hatz, Rec. trav. chim., 48, 7 (1929). 
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For these reactions it was noticed that the presence of sugar caused devia- 
tions from the unimolecular curve; with the highest sugar concentrations 
the reaction was practically of zero order over two-thirds of its course. 
Hence many of the constants in the table were determined on this basis. 
When iodide is present, however, the curve again becomes unimolecular, 
as the persulfate-iodide reaction is pseudo-unimolecular and much faster 
than the uncatalyzed reaction. 

It can be seen from the table that the effect of the sugar on the persulfate- 
iodide reaction appears to have reached a maximum between 0.7 M and 
1.05 M concentrations. This is far different from the results reported by 
Kiss on the direct reaction, where the sugar has an increasingly greater 
effect up to a concentration of one molar. The presence of the thiosulfate 
has apparently modified the character of the reaction. 

It is difficult to draw any general conclusions with respect t o  the effect 
of the non-electrolyte. For the persulfate-iodide reaction Kiss found that  
sugar and urea increase the velocity, while methyl and ethyl alcohols and 
glycerol decrease it. In all these cases the dielectric constant of the me- 
dium is decreased; hence the effect is more than that of change in dielectric 
constant on the activity coefficients. 

6.  Catalysis by Iron and Silver Salts.-It is well known that  ferric 
salts oxidize thiosulfates, being thereby reduced to ferrous; and that  ferrous 
salts are rapidly oxidized to ferric by persulfate. Hence it might be ex- 
pected that iron salts would catalyze the persulfate-thiosulfate reaction. 
Unfortunately it is difficult to run suitable experiments since ferric or even 
ferrous salts are considerably hydrolyzed in neutral solution; if the solution 
is acid enough to control this hydrolysis and prevent precipitation of ferric 
hydroxide, the thiosulfate decomposes too rapidly. The first titrations in a 
few experiments showed that iron salts are not as effective catalytically as 
copper salts. 

I t  may be of interest to discuss the similar iron salt catalysis of the per- 
sulfate-iodide reaction. The rate of the extremely rapid oxidation of fer- 
rous ion by persulfate ions has been measured directly by Saal.lg His 
method of expressing concentrations is obscure and apparently burdened 
with typographical errors, but if we have interpreted correctly, for a solu- 
tion containing 0.0005 M Sz08=, 0.0005 M Fe+ +, 0.01 M H+, 0.1 M KCl, a t  
12.g0, the bimolecular constant for the reaction is approximately 2000.20 
At a lower salt concentration and 25", to compare with the work of Price 
on iron salt catalysis of the persulfate-iodide reaction, this value would be 
increased to perhaps 5000. I t  is difficult to calculate the velocity of the 
persulfate-ferrous constant from Price's data; the persulfate-iodide re- 

'9 Saal, Rec. trav. chim., 47, 385 (1928). 
20 Recalculated according to the scale used here from the equation (- dCs,o,-)/dt = 

kCs,o,C~.++, with concentrations in moles per liter and t in minutes. 
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action is bimolecular, and if the catalysis by ferrous ion follows the mecha- 
nism 

&Os' + We++ -+ 2SO4" + 2Fe+++ (1) 
2Fe+++ + 21- 2Fe++ + 12 (2) 

Reaction 1 will be pseudo-unimolecular if it is the velocity-determining 
reaction; if (2) is the slower, velocity-determining reaction, it will be 
pseudo-unimolecular. 

Assuming that (1) is the velocity-determining reaction the velocity equa- 
tion becomes 

d cs¶o,- -- ,, a k~cseos- Cr- + ~ * C S ~ W  

where k1 is the velocity constant of the uncatalyzed reaction; kt = kaCF,++, 
and k3 is the bimolecular velocity constant of the persulfate-ferrous reac- 
tion. 

From Price's data, for a solution containing 0.00625 M SO*-, 0.025 MI-, 
0.005 M H+, 25O, we obtain the value 0.147 for kl. For the same solution 
+0.00025 M Fe++, by reading -dCsos-/dt from the plotted curve and 
using the above value of k1, we calculate for ka values ranging from 65 to 40 
during the course of the reaction. The complete lack of agreement with 
the work of Saal indicates that the above mechanism is incorrect; perhaps 
Reaction 2 is the velocity-determining reaction. If so, values not far 
different from these above (40-65) become the bimolecular constants for 
the reaction 

2Fe+++ + 21- + 2Fe++ + I* 

In  any case, the mechanism of this and similar catalytic reactions is far 
from clear. 

Silver nitrate was also tried as a catalyst, since silver salts are so effective 
in other persulfate oxidations. However, it was not a good catalyst; 
the trivalent silver compound described by Yost and othersz1 precipitated 
even with low silver-ion concentrations, and the catalysis was not very 
great. 

Summary 
The velocity of the reaction 

%on- + 2%08' SO,- + s406" 

has been measured, (1) alone, (2) with iodide ion as a catalyst, (3) with 
copper ion as a catalyst, (4) with both iodide and copper ions as catalysts 
in a mixed solution and (5) in the presence of cane sugar with and with- 
out iodide ion as a catalyst. 

From these measurements, certain observations about the nature of the 
several reactions involved have been made. 

1. The uncatalyzed reaction is pseudo-unimolecular or nearly so, i. e., 
independent to a great extent of the thiosulfate concentration; but the salt 

Yast, Tars JOURNAL. 48, 374 (1926). 
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effect indicates the velocity-determining reaction to be between two nega- 
tive ions. 

2. From the iodide catalysis can be calculated a constant for the bi- 
molecular persulfateiodide reaction; this constant is some 20-30% lower 
than when the velocity is measured independently, a t  least in solutions 
containing 0.02 M thiosulfate. 

3. From the copper catalysis a constant can be calculated for the per- 
sulfate-copper ion reaction; the salt effect on this catalysis shows that the 
persulfate-copper ion reaction is between two negative ions, as might be 
expected from the fact that Cuff is reduced and changed into a negative 
complex cuprous ion by thiosulfate. 

4. The effect of sugar is to increase the velocity of the persulfate- 
thiosulfate reaction, and to increase'the velocity of the persulfate-iodide 
reaction in the presence of thiosulfate in a somewhat abnormal fashion. 

Further work on this reaction is in progress. 
NEW YORK. N. Y. 

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, COLUMBIA UNIVERSITY, 
No. 6421 

A POTENTIOMETRIC STUDY OF ACID-BASE TITRATION 
SYSTEMS IN THE VERY STRONGLY ACID SOLVENT FORMIC 

ACID 

If the ionization of an acid depends upon a reaction of the type 
HC1 f OH2 a OHs+ + C1- 

then the effect of the solvent upon the acidity of the solution obtained and 
upon the extent of the ionization may conveniently be separated into two 
f ac t~ r s .~  One of these may be represented as the inherent basicity of the 
solvent and acts in such a way that a decreased basicity decreases the 
ionization of the acid but increases the acidity of the solution because the 
ionization takes place only as a result of the transfer of a proton from a 
weaker to a firmer binding. Thus hydrochloric acid is a strong electrolyte 
in water, but is only incompletely ionized in formic acid.3 Nevertheless, 
indicator experiments show that the solution in formic acid is more acid 
than that in water. It is clear that the properties of a base should depend 
upon the acidity of the solvent in analogous fashion. 

This article is based upon a dissertation submitted by Nicholas Dietz, Jr., to the 
Faculty of Pure Science of Columbia University in partial fulfilment of the requirements 
for the degree of Doctor of Philosophy, May, 1930. 

a Hammett, THIS JOURNAL, 50,2666 (1928). 
(a) Schlesinger and Calvert, ibid., 33, 1924 (1911); (b) Schlesinger and Martin, 

ibid., 36, 1589 (1914). 
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The other factor is a medium effect which may be represented as the 
result of changes in ionic activity coefficients, that is, in the interionic elec- 
trical forces. A change in medium resulting in an increase in these forces 
results in a decreased ionization but probably in no great change in true 
acidity. Thus a solution of hydrogen chloride in ether is much less ionized 
than one in water. Basic indicators show decreased, acid indicators in- 
creased, acidity. I t  may further be expected that solvents of low dielectric 
constant, in which these forces seem always to be large, should exhibit 
large and specific salt effects. That is, relatively dilute electrolyte solu- 
tions in such a solvent should exhibit the same kind of complicated behavior 
as do very concentrated aqueous solutions. The potentiometric studies 
of Hall and Werner4 on acetic acid solutions of bases seem to show this 
sort of effect in a pronounced degree. 

It has seemed desirable to test further this point of view by the inves- 
tigation of the properties as a solvent for acids and bases of a substance 
which is less basic and more acidic than water but which has the high 
dielectric constant and generally high solvent power for salts which may 
be taken to indicate interionic forces of relatively small magnitude. 

We have therefore investigated potentiometrically solutions of acids and 
bases in formic acid. This solvent has a dielectric constant of 62.0 at  15', 
i t  is a solvent for many salts,6 including sodium and potassium chlorides; 
which have a very low solubility in most organic solvents, and solutions of 
salts give cryoscopic and conductivity values which correspond to exten- 
sive di~sociation.~ In these respects formic acid is much more like water 
than is such a solvent as acetic acid, in which salts give cryoscopic effects 
indicating association rather than dissociations and conductivity dilution 
curves with maxima and minima. With respect to acidity and basicity, 
however, formic acid differs greatly from water, and solutions in it are 
even more deserving of the term superacid than are those acetic acid solu- 
tions in which Hall and Conant7 did their pioneer work on the potentio- 
metric investigation of strongly acid solvents. There is further interest 
in the potentiometric investigation of this solvent because of the exist- 
ence of the precise and thorough conductivity studies of Schlesinger and 
his co-worker~.~"j 

In  contrast the solvent offers considerable experimental difficulties. 
Solutions cannot be made anhydrous by the addition of an anhydride. 
The pure liquid decomposes slowly, and this decomposition is hastened 
by the presence of strong acids. We have found it impossible in spite of 

Hall and Werner, THIS JORNAL, 50, 2367 (1928). 
Zanninovich-Tessarin, 2. physik. Chem., 19,251 (1898). 
References 3 and 5, also (a) Schlesinger and Coleman, THIS JOURNAL, 38, 271 

(1916); (b) Schlesinger and Mullinix, ibid.,  41, 72 (1919); (c) Schlesinger and Reed, 
zbid., 41, 1921 (1919); (d) Schlesinger and Bunting, ibid., 41, 1934 (1919). 

Hall and Conant, ibid.,  49, 3047 (1927). 
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very considerable investigation and the preparation of electrodes of a 
wide range of catalytic activity to obtain reliable hydrogen electrode po- 
tentials. Duplicate electrodes failed to agree and all electrodes adjusted 
themselves very slowly to changes in hydrogen-ion concentration. Never- 
theless several titration curves were obtained with breaks qualitatively 
similar to those obtained with quinhydrone electrodes. Entirely satis- 
factory results were obtained with the p-benzoquinhydrone electrode. 
Even here, however, greater pains were necessary in the selection of elec- 
trodes than is the case in aqueous solutions, and it was necessary, moreover, 
to carry out measurements within a fairly short time interval because the 
potentials were found to drift in a negative direction (that is, in the direc- 
tion of reduction) in acid solutions. Chloranil and 1,4-naphthoquinone 
were tried as substitutes for the benzoquinone, the former because it has 
no nuclear hydrogen and because it has been recommended by Conant and 
Hall for use in acetic acid solutions; the latter because it has a lower oxida- 
tion potential than benzoquinone. Chloranil seemed somewhat inferior 
to benzoquinone in definiteness and reproducibility. The behavior of 
the naphthoquinhydrone system is greatly affected by small variations 
in the method of preparation of the quinhydrone from the quinone. Some 
preparations gave results which were greatly superior to benzoquinone in 
reproducibility and freedom from drift in acid solutions, others were very 
inferior . 

The method of investigation consisted in carrying out potentiometric 
titrations. Benzene sulfonic acid was found to be a suitable strong acid, 
as was expected from Hantzsch's indicator experiments. Sodium salts 
are in general strong electrolytes, and sodium formate if it is a strong 
electrolyte must have the greatest base strength possible in this solvent. 
As a reference half-cell we used a purely arbitrary constant system, and 
as a salt bridge a solution saturated with the very soluble sodium benzene 
sulfonate. There is of course no reason to believe that this bridge reduced 
the junction potential to zero, but it seems entirely probable that it should 
decrease to a small value the variation in contact potential with not too 
great changes in composition of the solution being titrated. The validity 
of the assumption seems justified by the results, as was the case with the 
similar scheme of Hall and Werner in acetic acid  solution^.^ 

Materials 
Formic Acid.-Kahlbaum 100% formic acid was h s t  distilled in vacuo; the dis- 

tillate was then purified by the method described by Coolidge.8 The most highly puri- 
fied acid had a melting point of 8.24". The corresponding value obtained by Coo:idge 
after more prolonged purification was 8.26'. The melting point was determined with 
the usual precautions, using a thermometer which was carefully compared with one 
~ecently calibrated by the Bureau of Standards. The purified acid was carefully pro- 

s Coolidge, TEUS JOURNAL. 50, 2166 (1928). 
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tected from moisture and kept a t  a temperature of 10" to decrease the rate of decomposi- 
tion. The purest acid (melting point 8.23 to 8.24O) was used for the titration cell solu- 
tions. Less highly refined acid (melting point 8.21 to 8.22") was employed in the 
bridge and in the reference cell. Although formic acid is hygroscopic, i t  is not extraor- 
dinarily so: for example, a sample with a melting point of 8.05" was freely exposed 
to  the atmosphere for thirteen minutes, after which the melting point had not changed 
measurably. 

Sodium Formate.-The Kahlbaum salt was used after careful drying. Analysis 
by conversion to sodium sulfate gave a figure of 99.9%. 

Benzene Sulfonic Acid.-After considerable diiculty with purchased material 
we made this substance by the method described by Fierz8 for toluene sulfonic acid with 
excellent results. The aqueous solution after removal of sulfuric acid was evaporated 
to  a sirup and then dehydrated and distilled a t  a pressure of 0.01 to 0.001 mrn.'O The 
white crystalline product was again distilled in a special apparatus, under the full vac- 
uum of a a u s i o n  pump with a liquid-air trap, and a t  a temperature of 120°, directly 
into glass bulbs, 10 to 15 mm. in diameter, which were then sealed off. By titration 
against sodium hydroxide free from carbon dioxide and standardized with Bureau of 
Standards benzoic acid it was found to have a purity of 99.7 to 99.9%. The anhydrous 
sulfonic acid is extremely hygroscopic. In  preparation for a titration, a weighed 
bulb was broken in a dry mortar, and solution of the sulfonic acid in formic acid, which 
does not take place very rapidly, was allowed to proceed in the shelter of a desiccator 
kept dry with phosphorus pentoxide. After rinsing with formic acid, the glass frag- 
ments were collected and weighed. 

Urea.-The sample melted at  133 ". 
Triphenyl Carbino1.-The Eastman Kodak product was used. I t  melted a t  162.5O. 
Benzoquinhydrone.-The Eastman Kodak product melting a t  170-171 " was used. 

Apparatus and Method 
The pyrex cell employed is illustrated in Fig. 1. It was found to be compact and 

convenient in use, and mixing of the solutions was avoided without the introduction of 
too great electrical resistance. 

The electrodes were in most cases gold film burned on glass from a concentrated 
solution of pure gold chloride in glycerin containing a little oil of lavender. Electrical 
connection was established by a strip of platinum foil fused through the end of the glass 
tube which served as support. Before use they were cleaned with chromic acid, washed 
and heated to dull redness. Such electrodes gave very reproducible results, and read- 
justed themselves rapidly upon addition of acid or base. Electrodes of pure gold 
wire were found to give equally satisfactory results. Platinum electrodes were very 
unsatisfactory, showing differences of potential in a single solution of several millivolts. 
Gold plated platinum electrodes were no improvement upon bare platinum. This is 
in agreement with the observation frequently made in this Laboratory that platinum 
is particularly prone to contain electromotively active impurities. It is not clear, 
however, why these differences are so much greater in formic acid solutions than in 
aqueous ones. Two electrodes were always used in both titration and reference half- 
cells, and were frequently checked against each other during the course of the titration. 
The agreement obtained was approximately 0.1 millivolt. 

In preparation for a titration, the salt bridge solution, consisting of formic acid 
saturated with sodium benzene sulfonate and carrying excess solid salt in suspension, 

"Grundlegende Operationen der Farbenchemie," Zurich, 1920, p. 190. 
lo The smaller apparatus described in the leaflet, "Synthetic Organic Chemicals," 

Val. 11, No. 3, issued by the Eastman Kodak Company, February, 1929, was used. 
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was introduced through a funnel into the salt bridge. The glass plugs were then 
firmly put into place with tongs, leaving a film of conducting solution around the 
sides of each plug. The excess solution squeezed out into the half-cells by this procedure 
was removed and the halfcells were rinsed several times with formic acid. 

The solution to be titrated and the reference solution were then introduced into 
their respective half-cells. The reference solution consisted of formic acid saturated 
with sodium benzene sulfonate and containing 0.098 molar sodium formate. Quin- 
hydrone was then added to both half-cells until an appreciable excess remained. Rough 
measurements indicated that the solubility of 
benzoquinhydrone in formic acid is about 0.1 
molar. 

Quinhydrone reacts slowly with formic acid 
in the presence of benzene sulfonic acid, the re- 
action being evidenced by a change in color with 
eventual formation of tarry products, and by a 
drift in potential toward less positive values. 
There was, however, no evidence of such re- 
action in sodium formate solutions, which are, 
of course, basic with respect to the solvent 
formic acid. For t

hi

s reason titrations were 
started in basic solution, the reference half-cell 
solution was basic, and the titrations were tom- 

E 

pleted within a time which experience showed 
would prevent a serious change in the potentials 
on the acid side of the end-point. The rate of 
potential drift was found to be 0.1 millivolt per 
minute in a 0.1 molar sulfonic acid solution, 
and not more than 0.01 millivolt per minute in 

Fig. T, titration 
a 0.025 molar sulfonic acid solution. half-cell; R, reference half-d;  S, salt 

Before use all glassware was thoroughly ~ d g e ;  G, ground..glass plugs; E, elec- 
baked a t  110' and was stored over phosphorus trodes; B, buret; V, vent. 
pentoxide or otherwise protected from moisture. 
In  use the vent of the cell and the opening of the buret were protected by tubes con- 
taining pentoxide. 

All measurements were made a t  a temperature of 25.00 ', maintained by immersion of 
the cell in a Freas water thermostat. A properly calibrated potentiometer and standard 
cell and a galvanometer with a sensitivity of 2602 megohms gave the electrical measure- 
ments a precision of one to two-tenths of a millivolt with the highest resistance cells used. 

Sodium Formate Titrations-In Tables I, I1 and 111 are listed the 
data for titrations by the above described method of various concentrations 
of sodium formate against benzene sulfonic acid. Under Cb are calculated 
the concentrations of sodium formate not neutralized, under C, the con- 
centrations of benzene sulfonic acid in excess of that required to neutralize 
the sodium formate. The calculations assume a simple and complete 
neutralization, volume additivity, and a specific volume of dissolved quin- 
hydrone equal to that of the solid substance. The values in the column 
headed #K are calculated by the equation 

Eab PK = - - log c,cb 
0.0591 
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TABLE I 
TITRATION DATA 

Sodium formate: benzene sulfonic acid (P-benzoquinhydrone electrodes). 0.001991 
mole of sodium formate used (= 15.40 CC. of 0.1294 molar sodium formate); 0.4751 
molar = titer of benzene sulfonic acid; 4.19 CC. of benzene sulfonic acid = theoretical 
end-point. 

X = fraction E, volt, corr. 
Add of base Eoba., to const. pK (ref. to  

added, cc. neut. volt vol. Cb Ca = 0.02482) 

0 0 0.0252 ' 0.0252 0.1294 5.425 
0.31 0.074 ,0262 .0267 .I174 5.451 
1.13 .270 .0300 .0318 .0880 5.512 
2.06 .492 .0367 .0399 .0580 5.579 
2.96 .707 .0470 .0515 .03184 5.666 
3.13 .747 .0498 .0546 ,02718 5.688 
3.31 .790 .0557 .0607 .02236 5.672 
3.53 .843 .0627 .0681 .01657 5.684 
3.67 .876 .0677 .0733 .01296 5.706 
3.84 .917 .0781 .0839 ,00865 5.705 
3.98 .950 .0913 .0973 ,00515 5.708 
4.13 .986 ,1162 .I224 .00146 5.833" 

pK (referred to  
Cs Cb = 0.002718) 

4.30 1.027 0.1450 0.1514 0.00265 5.753" 
4.44 1.060 .I623 .I689 .00599 5 692 
4.73 1.129 .I8211 .I898 .01275 5.711 
5.27 1.258 .I985 .2061 .02482 5.688 
5.83 1.392 .2081 .2165 .0367 5.680 
6.79 1.621 .2170 .2265 .0557 5.655 

Average 5.646 

" Omitted in the average because of proximity to the end-point. 

0.001216 mole of sodium formate used ( = 16.3 cc. of 0.07460 molar sodium formate); 
0.4611 molar = titer of benzene sulfonic acid: 2.64 cc. = theoretical end-~oint. 

X = fraction E, volt, 
Acid of base con. to const. pK (referred to 

added, cc. neut. Eobs., volt vol. Cb C. = 0.00860) 

fiK (referred to 
ca  Cb = 0.02567) 

2.79 1.057 0.160 0.1641 0.00362 5.827' 
3.00 1.136 .I83 .I874 .00860 5.842 
3.71 1.406 .2043 .2096 .02466 5.746 
4.92 1.864 .2186 .2254 .04954 5.684 
6.97 2.640 .2293 .2385 .08580 5.626 

Average 5.730 
" Omitted in the average. 
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TABLE I11 
TITRATION DATA 

0.0004367 mole sodium formate used (= 19.70 cc. of 0.02217 molar sodium formate); 
0.4374 molar = titer of benzene sulfonic acid; 0.998 cc. = theoretical end-pomt. 

X = fraction E, volt. 
Acid of base con. to pK (referred to 

added, cc. neut. Eobs., volt const. vol. Cb Cm - 0.00489) 

0 0 0.0706 0.0706 0 02217 5.788 
0.309 0.310 .0761 .0765 ,01507 5.862 

.6?0 .611 ,0912 .O920 .0083E 5.862 

.702 .703 .0980 .0990 .00635 5.867 
,817 .819 .lo96 .I107 .00386 5.886 
.906 .908 .I238 .I250 .00195 5.942" 

pK (referred to 
c a  C b  = 0.00836) 

1.001 1.003 0.1417 0.1430 0.00042 5.304" 
1.116 1.119 .I657 .I671 .00248 5.945 
1 232 1.235 .I783 .I799 ,00489 5.862 
1.375 1.376 .I892 .I908 .00782 5.842 
1.475 1.478 .I961 .I980 .00985 5.859 
1.638 1.641 .2031 .2052 .01312 5.853 
1.852 1.856 ,2095 .2118 .01733 5.841 
2.071 2.075 .2141 .2167 .02156 5.823 
2.403 2.408 .2189 .2218 .02781 5.795 
2 8 0 5  2.811 .2229 .2263 .03511 5.761 
3.099 3 106 .2251 .2289 .0403 5.738 
3.545 3.552 .2276 .2319 .0479 5.705 

Average 5.828 

" Omitted in the average. 

where Eab is the observed difference in potential between a point on the 
acidic side and another point on the basic side of the titration end-point, 
all points on the basic side being referred to a single point (given in the 
heading of the column) on the acidic side, and all points on the acidic side 
being referred to a single point on the basic side. Ca is the concentration 
of sulfonic acid a t  the acid point and Cb the concentration of sodium for- 
mate a t  the basic point. 

If the liquid junction potential remains constant during the titration, 
and if benzene sulfonic acid and sodium formate are completely ionized 

Csf. Eab = 0.0591 log -- 
Cabfab 

where Cab is the concentration of hydrogen ion (probably H3C02f) in a 
solution of formate ion concentration Cb, fab is the activity coefficient of 
hydrogen ion in the same basic solution, and fa is the activity coefficient 
of hydrogen ion in a solution of benzene sulfonic acid of concentration C,. 

It follows that 
E a b  PK = - 0.0591 - log CsCb = -log C C f8b 

b f a  
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With complete dissociation Cb is the concentration of formate ion in the 
basic solution, and Cab is the hydrogen ion concentration of the same 
solution. The radio fab/fa is nearly one, since it is the ratio of the activity 
coefficients of a given ion in two solutions of approximately the same total 
ion concentration. The quantity pK is therefore the negative logarithm 
of the product of the concentrations of the ions of the solvent, and the 
analog for formic acid of the quantity 14 for water. 

0 1 2 Scale for2. 
0 1 2 Scale 

x, Fraction neutralized for 3. 
Fig. 2. 

Figure 2 presents titration curves 1, 2 and 3 corresponding, respectively, 
to  Tables I, I1 and 111. The plotted points are the experimental values 
corrected to constant (initial) volume by means of the relationship 

V2 Em. = Eoh + 0.0591 log - 
Vl 

where V9 is the volume corresponding to Eobs. a t  any point during the 
titration and V1 is the initial volume. The smooth curves are calculated 
by the equations 

E = Eo - 0.0591 log [HCO:] 

where X is fraction neutralized, C is the initial concentration of sodium 
formate, K is obtained from the average pK for the titration concerned, 
which is given in the tables, and Eo is chosen by graphical methods to give 
the best fit. The latter of the above equations is essentially that of East- 
man." 

Within a titration there is satisfactory agreement in the values of pK and 
likewise between observed and calculated curves. This would not be the 

Eastman. THIS JOURNAL, 47,332 (1925). 
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case if there were any great change in liquid junction potential during the 
titration; it would not be the case if either benzene sulfonic acid or sodium 
formate were anything but strong electrolytes in this medium; it would 
not be the case if the activity coeflicients of hydrogen ion were subject to 
large specific effects instead of being determined principally by the total 
ion concentration. The PK values obtained do therefore give a real meas- 
ure of the self-ionization of the solvent formic acid. 

In the titration of certain apparently strong bases in the solvent acetic 
acid, Hall and Werner obtained curves which agree with the assumptions 
here used in the calculation of pK, but their titration curves for weak bases 
and their dilution curves for both strong and weak bases indicate the pres- 
ence of very great salt effects accompanying the large changes in total ion 
concentration which occur in these cases but not in the titration of a strong 
base. Such intense interionic forces manifested by large salt effects are, 
however, absent in formic acid. Thus the pK is 5.65 a t  a salt concentra- 
tion of 0.13 molar, 5.73 at a salt concentration of 0.075 molar and 5.83 at 
a salt concentration of 0.022. Furthermore, the agreement of these po- 
tentiometric values with the figure which may be calculated from the con- 
ductivity measurements of Schlesinger and his co-workers is as close as that 
of the corresponding values for aqueous solutions. They found at 25O a 
conductivity at infinite dilution for ammonium formate in formic acid of 
70.4 r.o., for ammonium chloride of 52 r.o., and for hydrogen chloride of 
75 r.o., the latter two values being somewhat uncertain on account of in- 
complete ionization of the hydrochloric acid and solvolysis of ammonium 
chloride. The conductivity 6.3 X which was found for pure formic 
acid leads to a PK of 6.3, somewhat larger than our values, as it should be, 
since it is calculated for zero electrolyte concentration. 

The titration data on the acid side of the end-point may be considered 
as a determination of the effect of varying acid concentration upon the 
hydrogen-ion activity with a constant concentration of salt present. This 
excess foreign electrolyte should tend to decrease variations in activity 
coefficients.12 These dilution curves for benzene sulfonic acid in the 
presence of the three different salt concentrations are shown in Fig. 3, 
which also includes a dilution curve for benzene sulfonic acid without any 
salt present. The data for the last curve are given in Table IV. Where 
salt is present the curves are straight lines with the theoretical slope. In 
the absence of salt the slope is still about 70% of the theoretical value for 
a strong electrolyte. 

From these various considerations it appears that formic acid is a solvent 
in which salt effects are not extraordinarily great as compared with water: 
in terms of a physical chemistry of solutions which has been based largely 
upon the study of aqueous solutions it may be called a normal solvent. 

12 Bronsted and Pedersen, 2. fihysik. Chem., 103,307 (1922). 
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Acid added to Add added to 
10.18 cc. of 10.18 cc. of 

formic acid, cc. Eobs., volt Log Ca formic acid, cc. &., volt Log ca 

Because the ion product constant of formic acid is 1 0 8  times that of water, 
the break at the end-point of a titration is considerably less in formic acid 
than in water, and the range of acids and bases which can be titrated is 
more limited. A tenth normal solution of a base with an ionization con- 
stant less than 3 X lob6 will give a titration curve with no inflection point.13 

E. 
Fig. 3.-Dilution of benzene sulfonic acid Curve 1, 

data from Table I; Curve 2, data from Table 11; Curve 
3, data from Table 111; Curve 4, data from Table IV. 

If free hydrogen ions are incapable of existence in solution, and if ionization 
of a solvent depends upon its basicity as well as upon its acidity, the de- 
crease in basicity in the transition from water to formic acid must be less 
than the increase in acidity. 

la Roller, THIS JOURNAL, 50, 1 (1928). 
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Other Bases.-The behavior of several other basic substances in 
formic acid was investigated with the object of acquiring information as 
to the strengths of such substances in this solvent, and of learning more 
about the degree of acidity of the solvent itself. 

To judge from color, benzene-azo-dimethylaniline and benzene-azo- 
diphenylamine are completely ionized, not only in formic acid but even 
in sodium formate-formic acid solutions. In water these indicators are 
so weakly ionized that their color changes occur at PH 2.94.0 and PH 
1.2-2.1, respectively.** 

Benzalacetophenone, which is so weak a base in acetic acid that it can- 
not be titrated," imparts a yellow color to formic acid which is destroyed 
by the addition of a considerable quantity of sodium formate. This fading 
is due presumably to the reversal of the ionization 

B + HCOzH a BH+ + HCO: 
colorless colored 

Triphenylcarbinol is also so weakly basic in acetic acid that it cannot be 
titrated in that solventd7 It likewise gives a yellow solution in formic acid, 
which is decolorized by excess of sodium formate. Data for its titration 
with benzene sulfonic acid in formic acid solution are presented in Table 
V. The constancy of the pK values and their agreement with the values 
obtained with sodium formate show that it is a univalent strong electrolyte. 

TRIPHENYLCARBINOL: BENZENE SULFONIC ACID (p-BENZOQUINHYDRONE ELECTRODES) 
0.0002368 mole of triphenylcarbinol used (= 21.51 cc. of 0.01101 molar triphenyl- 

carbinol); 0.4374 = titer of benzene sulfonic acid; 0.541 cc. of benzene sulfonic acid = 
theoretical end-point. 

E, volt 
Acid z = Frac- (corr. OK (referred 

added, tion of Eob.., to const. to ('s - 
CC. base neut. volt. vol.) Cb 0.00583) 

0 0 0.0951 0.0951 0.01101 5.88 
0.112 0.207 .lo00 .lo02 .00869 5.90 

.I95 .360 .lo53 .lo55 .00698 5 .91  
,264 .487 .I132 .I135 .00557 5.87 
.362 .668 .I25 .I254 .00358 5.86 
.481 .890 .I484 .I490 .00119 5.95" 

pK (referred 
to C b  = 

cs 0.00869) 

0.631 1.165 0.1743 0.1750 0.00178 6.07" 
.839 1.55 .I949 .I959 .00583 5.90 

1.121 2.07 .2073 .2087 .01119 5 .83  
Average 5.875 

a Omitted in the average. 

l4 W. Mansfield Clark, "The Determination of Hydrogen Ions," Williams and 
Wilkins Co., Baltimore, Maryland. 1928, p. 77. 

16 Conant and Hall, THIS JOURNAL, 49,3062 (1927). 
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There is evidence however that the ionization of triphenylcarbinol is 
more complex. Hantzsch16 found that the freezing point depression which 
it  produces in sulfuric acid indicates the formation of four instead of two 
products of ionization, probably by the reaction 

(CeHs)aCOH + 2HaSOd a (CsHs)sC + + OH3 + + 2HS04- 

and Conant and Hall have found evidence that the reaction of the carbinol 
with strong acids in acetic acid solution produces water. 

An ionization of the sort found by Hantzsch would make triphenylcar- 
bin01 act like a diacid base. That it acts here like a monoacid base cor- 
roborates the conclusion (for which direct evidence is given later) that 
water has a negligible basicity in formic acid. If the reaction is 

(C6Hs)sCOH + HCOaH t--; (CsHs)&!+ + HCOn- + Ha0 

the addition of water should decrease the fonnate-ion concentration and 
therefore increase the acidity. Using the utmost precautions to exclude 
water other than known amounts deliberately added, i t  was found that 
addition of water up to a concentration of 1% or 0.7 molar to a solution of 
triphenylcarbinol in formic acid was accompanied by a total increase in 
potential of only 0.0025 volt. This is an eighty-fold increase over the 
maximum concentration of water which, it is believed, could have existed 
in the original solution. The surprisingly small effect found may perhaps 
arise from a balancing of the above acidity-increasing reaction by a small 
basic ionization of the water, but some such reaction as 

(CaHs)sCOH + HCOpH * (CaHs)aCOHs+ + HCOr- 

is also worthy of consideration. This is analogous to the reaction of 
hydroxo-pentammine cobaltic ion with acids. 

Preliminary experiments with urea in formic acid indicated that a slow 
reaction involving changes in acidity takes place, and precise titrations 
were impossible. Nevertheless it was clear qualitatively that urea is a 
strong or moderately strong base in formic acid, Hall and Conant7 found 
that urea is a very weak base in acetic acid, and its ionization constant in 
aqueous solution is only 10-14. 

The complete ionization of these bases, which are very weak in water and 
even in acetic acid, demonstrates the extremely high degree of acidity at- 
tainable in formic acid solutions. 

If water and ether are bases in the sense that ammonia and the amines 
are, and there is much evidence to support such a conclusion, they are 
extremely weak bases, decidedly weaker than are urea and the halochromic 
ketones and carbinols. For example, 8.0 cc. of a 1.0 molar solution of 
water in formic acid titrated into 13 cc. of a 0.53 molar solution of benzene 
sulfonic acid caused a decrease in potential of only 0.025 volt. A large 
part of this change may be attributed to dilution of the acid alone. Like- 

'' Hantzsch, 2. physik. Chem., 61,257 (1907). 
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wise it was found that a 1.0 molar water solution was approximately 0.015 
volt less acid than pure formic acid, Ether is also a very weak base: 
7.4 cc. of a 1.0 molar solution of ether in formic acid added to 15 cc. of a 
0.5 molar benzene sulfonic acid solution caused a potential change of 
only 0.026 volt, nearly half of which may be attributed to dilution. 

The amounts of water and ether added in these experiments are so large 
and the changes in potential so small that a change in the nature of the 
solvent cannot be neglected as a possible source of part or all of the effect. 
The ionization constants (3 X for water and 5 X for ether) that 
may be calculated from these data cannot therefore be given much quanti- 
tative validity. 

Measured by the ionization of dissolved weak bases, the solvent formic 
acid is very much more acid than the solvent acetic acid-the ratio of the 
acidity constants must be more than lo4. Most of the difference is a 
medium effect rather than a difference in the inherent acidities of the two 
acids, for the ionization constant of formic acid in water is only ten times 
that of acetic acid in the same solvent. This difference in the properties 
as a medium is exactly what must be expected from the fact that formic 
acid is a better salt solvent, is a solvent in which interionic forces and 
therefore ionic activity coefficients are smaller than they are in acetic acid.2 

Summary 
1. Acid-base titrations have been carried out potentiometrically in 

the solvent formic acid. Benzene sulfonic acid has been found to be a 
strong acid, and sodium formate, triphenylcarbinol and urea have been 
found to be strong bases. 

2. The ion product constant of the solvent has been calculated with a 
result in good agreement with that obtained from the conductivity data of 
Schlesinger. Its large value indicates that formic acid does not differ from 
water as much in basicity as it does in acidity. , 

3. Extremely pronounced salt effects were not found to occur in formic 
acid. In this respect it resembles water more than it does acetic acid. 

4. Water and ether were found to have little or no basic properties in 
this solvent, and their basicities are therefore decidedly smaller than are 
those of urea and of the halochromic ketones and carbinols. 

5. The ratio of the acidity of the solvent formic acid to that of the 
solvent acetic acid is much greater than the ratio of the acidities of the 
solutes formic and acetic acids in water. This is interpreted as the re- 
sult of a medium effect predicted from other known properties of the two 
solvents. 

NEW YORK, N. Y. 
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THE CALCULATION OF FREE ENERGY FROM SPECTROSCOPIC 
DATA 
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For many years it has been evident that the utilization of the observed 
energy levels of atoms and molecules was destined to occupy a prominent 
place in the application of thermodynamics and statistics to chemistry. 
However, it is doubtful whether the very real simplicity of this application 
has been appreciated as it should be. Perhaps this is not surprising when 
one considers the unnecessarily complicated methods often used in treat- 
ing such problems. I t  is the purpose of this paper to give the few simple 
statements necessary in connection with the exact determination of certain 
thermodynamic properties from the energy levels of matter as supplied by 
spectroscopy. 

At the present time it is possible to make accurate calculations only for 
the perfect gaseous state. Interpreted spectroscopic data are available 
only for relatively simple molecules. 

For the usual purposes of chemistry it is convenient to consider a large 
group of molecules as a single state without investigating the intimate de- 
tails of their individual existences. However, in order to make a precise 
statistical calculation of a thermodynamic property, one must have an 
itemized account of all the states among which the molemles are dis- 
tributed in appreciable concentrations. It may be well to add that the 
state of a molecule has a perfectly definite meaning only to the extent to 
which i t  is not appreciably influenced by neighboring molecules. 

Let us be clear as to the meaning of a state. Every state corresponds 
to certain definite quantum specifications which are not possessed in every 
particular by any other state. Fortunately spectroscopy supplies the 
necessary information about atomic and molecular states and often more 
accurately than is necessary for ordinary purposes. 

Every state is assumed to have equal statistical weight. This means 
that given equal opportunity to possess the energies necessary for their 
separate existences, all states are equally probable. The convenient use of 
a priori probability to include a group of states has caused some ambiguity 
in the use of the term state. A statement to the effect that a certain "state" 
has an a prior; weight of three, means that the "state" is really three states 
which have been grouped together for simplicity of calculation. This is 
customary when the states have so nearly the same energies that they are 
affected in nearly the same way by temperature. However, i t  should be 
remembered that they are individual states in a statistical sense. 

The problem of finding the distribution of atoms and molecules among 
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the various possible states existing in a gas may, for convenience, be divided 
into two parts, namely, the problem of translation, and that dealing with 
all other possible energy absorption. The quantum-statistical treatment 
of the properties of an ideal gas was first given by Sackurl and by T e t r ~ d e . ~  
Later Sterna and Ehrenfest and Trka14 contributed much clearer treat- 
ments. The logic of these earlier treatments left much to be desired, but 
this d3Eculty has recently been removed by the introduction of Bose- 
Einstein statistics. A very satisfactory treatment of this subject, with 
references to the previous work, has been given by Lewis and M a ~ e r . ~  The 
final results for the properties of an ideal gas possessing translation alone 
are always the same for the various treatments which have been given. 
We have nothing to add to this subject but recall attention to the fact that 
the translational properties of all molecules, however complicated, are 
represented by the same equations when they are in the ideal gas state. 
This will be used as a starting point. The equations for the entropy of 
translation will be quoted later. 

The thermodynamic properties of gases are usually referred to the stand- 
ard state, which is the ideal gas state, and this may be treated simply and 
accurately when the necessary energy levels are available. The corrections 
to the actual gas at  moderate pressures may usually be neglected a t  or- 
dinary temperatures or above, but in any case are readily obtained from 
the data of state. The determination of the distribution of atoms and mole- 
cules among the various possible states may be approached by means of 
thermodynamics or by statistics. The usual thermodynamic method con- 
siders the equilibrium between any two states 

There is no entropy change in such a transition since each of the states 
has unit a prior; statistical weight. Thus for this simple process the free 
energy change A F  = AE, the energy change, when the particles are taken 
to be a perfect gas. Then the ratio of the numbers in the two states 

n' = e-AE/RT = e-  (c' - a) /kT the Boltzrnann factor 
n 

E' - E and k refer to the energy difference and the gas constant per mole- 
cule, respectively. 

Derivations of the Boltzmann factor from statistics may be found in 
numerous books dealing with statistical mechanics. A simple derivation 
has been given by Lewis and M a ~ e r . ~  In agreement with Einstein 
they show that the Boltzmann factor is not quite correct, due to quantum 

Sackur, Ann. Physik, 36,968 (1911). 
Tetrode, ibid., 38, 434 (1912). 

8 Stern, Physik. Z., 14, 629 (1913); Z. EEectrochem., 25,66 (1919). 
4 Ehrenfest and Trkal, Proc. Akad. Sci. Amsterdam, 23,162 (1920). 
6 Lewis and Mayer, Proc. Nat. Acad. Sci., 15,208 (1929). 



4810 w. F. GIAUQUE: Vol. 52 

degeneracy, but since our discussion will deal only with the standard state 
which is non-degenerate by definition, we may accept the Boltzmann 
factor as exactly true. 

With the assistance of the Boltzmann factor one may readily obtain 
the desired thermodynamic properties. Let N be Avogadro's number 
and A the number of molecules in the lowest energy, or zero state (exclud- 
ing translation). Then as usual the number in the first state is equal to 
A e - € l / k T  , where €1 is the observed energy per molecule with reference to 
the zero state. The number in the rth state will be ~ e - ' ' ' ~ ~ .  From this it 
follows that 

N = p d  + plAe-€l /kT + A A e - e / k T  + . . . (1) 
where the p's are the a prior; probabilities referred to above and it may be 
well to repeat for emphasis that each term in the above expression is 
actually p separate terms with so nearly the same Boltzmann factors that 
the difference may be neglected. The total energy above the zero point of 
the system (excluding translation) is given by the expression 

E O  - E i  = o p d  + aplAe- t l /kT  + e z p d e - e / k T  + . . . (2) 

where E,O is the energy of the substance in the perfect gas state at  the 
absolute zero of temperature. The superscript O is used to designate a 
property of the substance in its standard reference state, in this case the 
hypothetical ideal gas state with a pressure of one atmosphere. This follows 
the conventions of Lewis and RandallY6 which will be used where possible. 
Eliminating A from Equations 1 and 2, and making use of the abbreviation 
afforded by the summation sign 

E O - E ; = N  Zepe - e/kT 
Zpe  - e/kT 

= RTBdT In Q, where 

These series contain terms for every state that the molecule can assume. 
Differentiation of E0 - E," with respect to T gives the heat capacity 

due to the degrees of freedom considered, thus 
~ e 2 p e - € / k T  Zepe-e/kT 2 

z*e-e/kT 
- (Zpe-e/kT ) I (6) 

a well-known equation which was first applied to the actual energy 
levels of a molecule by Hicks and Mit~hel l ,~ who, a t  the suggestion of 
Tolman, calculated the rotational-vibrational heat capacity of hydrogen 

a Lewis and Randall, "Thermodynamics and the Free Energy of Chemical Sub- 
stances," McGraw-Hill Book Co., Inc., New York, 1923. 

Reiche, Ann. Physik. 58,657 (1919). 
Hicks and Mitchell, THIS JOURNAL, 48,1520 (1926). 
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chloride. Their results are unfortunately marred by an error in connection 
with the a prior4 probabilities." 

Later the heat capacity of hydrogen chloride was correctly calculated 
by Hutchisson.lo 

The entropy can be calculated very simply from the observed energy 
levels of molecules by a method to be given below, the principle of which 
is due to Tolman and Badger," who, assuming rigid molecules, obtained 
expressions for the rotational entropy. Their paper unfortunately contains 
a number of errors in connection with the neglect of integration constants 
due to the multiple u prior; probabilities of the zero state in several of 
their assumed cases. 

I t  was shown by Giauque and Wiebe
g 

that the equation given by Tol- 
man and Badger holds exactly for molecular entropy due to rotation- 
vibration or electron excitation, regardless of how irregular these levels 
might be. 

The method is as follows 

Particular attention is called to the term - R In p, in Equation 13 since 
this has been the cause of considerable misunderstanding. po represents 
the number of states which have nearly the energy of the zero state and 
have thus been grouped together for convenience. However, this method 
leads to an assumed situation where even at the absolute zero of tempera- 
ture the molecules are distributed equally between po states, thus leading 
to a zero point entropy of R In pa. The question as to whether this could 
actually happen a t  the unattainable absolute zero, infinite volume and 
zero magnetic and electric field strengths which would be necessary under 
equilibrium conditions need not seriously concern us in this case. S,O 
= R In pa and So, the absolute entropy, is given by 

Giauque and Wiebe, THIS JOURNAL, 50,101 (1928). 
lo Hutchisson, ibid., 50, 1895 (1928). 
l1 Tolman and Badger, ibid., 45, 2277 (1923). Urey, ibid., 45, 1445 (1923), essen- 

tially used this method by graphically integrating one of Reiche's heat capacity equa- 
tions. 
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This equation, which holds for all types of states which have been ob- 
served, is so general that it should hold for any that are likely to be dis- 
covered. This includes the multiplicities due to nuclear effects such as 
spin. 

We believe i t  is desirable to give another, even simpler, derivation of 
the important Equation 14, which is the foundation of all the important 
equilibrium data which may be obtained from spectroscopic observations 
on molecules. 

Let us consider a box with two compartments and a total volume such 
that i t  will hold one mole of an ideal gas at pressure P. Let one compart- 
ment be filled with gas 1 and the other filled with gas 2, each at pressure P. 
If the two gases are allowed to intermix uniformly, the entropy increase 
is given by"- 

AS0 = - R  ( N ,  In NI + Nt In Np) (15) 
where N, and N* refer to the respective mole fractions of the two gases. 
I n  general when there are a large number of gases and corresponding com- 
partments in the molal box, the expression for the increase in entropy on 
mixing becomes 

AS0 = -R(Nl In Nl + NZ In Nz+ . . . N, In N,) (16) 
It is extremely useful to regard the various states among which molecules 

are distributed as supplying the basis for referring to different kinds of 
molecules in much the same manner as it is convenient to distinguish be- 
tween optical isomers for some purposes. The number of the molecules 
in each of the states (excluding translation) is so large that i t  is convenient 
to  think of a gas having such degrees of freedom as rotation, vibration and 
electron excitation as consisting of a mixture of a large number of kinds of 
gases, each kind being distinguished by its quantum numbers. 

Let us imagine the molal box to be divided into a sufficient number of 
compartments of such volumes as are necessary to contain the equilibrium 
numbers of molecules of each kind or state (excluding translational states), 
a t  pressure P. Each of the compartments will contain what may be con- 
sidered as a perfect monatomic gas. Each molecule within a given compart- 
ment is like every other within the same compartment except for the 
translational distribution. In such a case as that described, the total en- 
tropy is simply that of a monatomic gas. The entropy due to all other 
degrees of freedom in the equilibrium mixture is just the entropy asso- 
ciated with the uniform mixing of the various segregated portions. It 
may be well to emphasize in connection with the above statements that 
zero entropy with regard to a certain degree of freedom in no way implies 
that  the molecules are necessarily all in the lowest energy state but only 

lP Lewis and Randall, Ref. 6, p. 440. 
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that all the molecules are in the same state, the "lack of randomness" 
of Lewis and C,ib~on.~S 

The entropy of mixing, referred to above, may be calculated as f0110w~ 
1 e -a /kT  

N~ = -. Nl = -, etc. 
Q Q (17) 

From Equation 16 
e-tl/kT e-n/kT 

X-ln- 
Q Q 

which is the previous equation (14). The significance of the p's before 
the terms in Equation 18 is that there are fi terms of equal mole fraction. 

The Absolute Entropy.-The well-known equations for the translational 
entropy of a gas, for which references were given earlier, are 

3 3 5 So = - R l n M + + R l n T + R l n T 7 + 5 R + C  2 (20) 

where M is the molecular weight, V the mold volume in cc. and C = 
R In [ ( 2 ~ k ) ~ ' ~ / h ~ ~ ' ~ ]  = - 16.024 calories per mole per degree,14 where h 
is Planck's constant, and from the gas law 

when P is the pressure in atmospheres. C + R In R = -7.267. 
To obtain the absolute entropy the amount R In Q + RT(d In Q/dT) 

must be added to either Equation 20 or 21. 
The Calculation of Free Energy.-The free energy F is given by the 

where the heat content 
H = E f P V  

For the ideal gas 

Then 

The total energy E0 is equal to the sum of the energy a t  the absolute 
zero E,", the energy of translation 3/2 RT, and the energy due to  all other 
degrees of freedom RT2(d In Q/dT). 

3 d ln Q E O  = E , " + - R T + R T ~ ~  2 (26)  

l3  Lewis and Gibson, Ref. 6, Chap. XXXI. 
14 The values used for all natural constants are those given by "International 

Critical Tables." Vol. I, p. 16. 
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Combining Equations 25 and 26 
5 

F O - E ;  = - ~ R T ~ ~ M - - R T ~ ~ T + R T I ~ P -  C T - R T l n R - R T l n Q  (27) 2 2 

When the necessary atomic or mol$cular energy levels are known, Q may 
be calculated for any desired temperatures and tables of FO - E,", or 
preferably (FO - E,")/T may be prepared. By combination of these 
values for the various substances involved in a given reaction, the value 
of a(FO - E,") may be obtained. FO is the nomenclature of Lewis and 
Randall for the standard state, in this case, the hypothetical ideal gas 
state with P = 1 atmos. 

AFO = -RT ln K 6  = A(F" - E:) + A E ~  (28) 

From Equation 28 the equilibrium constant may be calculated for any 
desired temperature provided that AE," may be determined. 

The Determination of AE,".-There are three general methods of eval- 
uating AE,". (I) When the various excited states of a molecule are known 
up to dissociation into atoms, AE,O is known for that reaction from spectro- 
scopic data alone. By proper combinations AE," can then be obtained 
for other reactions. This method which gives great promise has already 
been applied to the dissociation of a number of diatomic  molecule^,^^ 
while most existing calculations of this type are uncertain, due principally 
to considerable extrapolation, i t  seems certain that this diiculty will 
be minimized by future work on this relatively new method. In several 
cases where the extrapolation is small, the method already provides our 
best source of this information. 

(11) AE,O may be calculated by means of Equation 28, when one reliable 
value of the equilibrium constant is known, or if K is known over a range 
of temperatures, a more reliable value of AE," may be obtained by making 
use of the several data. 

(111) when' AH " is known from a calorimetric determination a t  tempera- 
ture T, AE," may be obtained with the assistance of Equations 24 and 26. 

Thus AE: = AH0 - A - RT + RT2 --;1?;-- [: ln @I (29) 
Equilibrium between Solids, Liquids and Gases.-There are many 

cases where it will be necessary to consider equilibrium between some 
condensed state or states and gases, for example 

C + 3 0 2  = CO 
Here the third law of thermodynamics may be used for carbon in com- 

bination with spectroscopic observations on the gases. Thus 

Recent values of this function are given by Rodebush and Rodebush.16 
l6 Birge, "International Critical Tables," 1929, Vol. V, p. 418. 
l6 Rodebush and Rodebush, "International Critical Tables," Vol. V, p. 87. 
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The F used in these tables is our F O - EgO. These may be combined with 
the values of FO - E," obtained for gases. 

It is evident that the F 0  - E," values for gases are of great utility even 
when no low temperature heat capacity measurements are available. How- 
ever, as usual, this will necessitate the evaluation of a t  least one unde- 
termined constant from equilibrium data. 

In concluding these derivations, it is interesting to note that  the exact 
determination of F o  - E; from spectroscopic data is a relatively easy 
calculation, involving only the summation of the Q series. The calculation 
of entropy or energy involves, in addition, the temperature derivative of 
the Q series, in which case the terms do not become negligible so rapidly. 

The calculation of heat capacity involves the second derivative of the 
Q series, which is somewhat more laborious to sum. Fortunately the heat 
capacity need not be calculated in the process of determining an equi- 
librium and in many cases the entropy and energy may also be left unde- 
termined. 

The calculation of values of the free energy function to high temperatures 
is now in progress for the atoms and molecules for which the energy levels 
are known and it is expected that i t  will be possible to begin publication 
of this material in the near future. 

Summary 

Methods and equations for the exact calculation of free energy and other 
properties of the thermodynamic standard state of gases have been dis- 
cussed. 

A simple method of deriving a general expression for the absolute 
entropy of ideal gases has been given. This covers molecular rotation, 
vibration, electronic excitation and nuclear spin. In addition the method 
supplies a valuable insight into the simple relationship of complicated 
molecular states to the entropy. 

The equations given will serve as the basis for an extended series of 
tabulations of free energy of gases based on available spectroscopic data. 

BERKELEY, CALIFORNIA 
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[CONTRIBUTION PROM THE CHEMICAL LABORATORY O F  THE UNIVERSITY OF CALIFORNIA] 

THE ENTROPY OF HYDROGEN AND THE THIRD LAW OF 
THERMODYNAMICS 

THE FREE ENERGY AND DISSOCIATION OF HYDROGEN 

The band spectrum data of the hydrogen molecule have recently been 
considered by Birge, Hyman and Jeppesen.' They have shown that the 
observed rotational energies associated with the vibrational levels may be 
represented with a very high degree of accuracy by means of simple equa- 
tions for which they give the constants. Accepting their representation 
of the observed behavior of the molecule, we will illustrate the application 
of such data in the exact calculation of several thermodynamic properties. 
The equations required for this purpose have been given in the preceding 
paper.2 These eliminate the necessity of such assumptions as molecular 
rigidity and other approximations. 

These calculations will serve not only in making available important 
and very accurate thermodynamic properties of the hydrogen molecule, 
but will furnish an introduction to an extended series of papers in which 
similar data will be given for the elements and simpler molecules. At 
the present time calculations have been made on about one-third of the 
elements and a number of other substances. 

A second purpose of this paper is to clear up the numerous misunder- 
standings which have arisen concerning the effect of nuclear spin on 
the entropy of hydrogen and the use of this entropy in conjunction with 
the entropies obtained from the third law of thermodynamics. 

The situation existing in hydrogen has been correctly stated in the paper 
of Giauque and Johnston3 and the use of the entropy of hydrogen in con- 
nection with the third law has been discussed by Kelley4 as a personal 
communication from this author. Following this, a paper by Rodebush5 

1 (a) Personal Communication; (b) Hyman and Jeppesen, Nature, (March, 1930) ; 
(c) Birge and Jeppesm, ibid., (March, 1930). 

Giauque, THIS JOURNAL, 52,4808 (1930). 
Giauque and Johnston, ibid., 50, 3221 (1928). Also see Fowler, Proc. Roy. Soc., 

(London), 118A, 52 (1928). Fowler's treatment led to an incorrect result. 
(a) Kelley, Ind. Eng. Chem., 21,353 (1929) ; THIS JOURNAL, 51, 1145 (1929). 
Rodebush, Proc. Nut. Acad. Sci., 15, 678 (1929). A paper IPhys. Rev., 36, 1398 

(1930)l has recently appeared in which D. MacGillavry, who did not know of the paper 
by Rodebush, has raised the same objection, although he agrees with our result. This 
objection, which concerns the reliability of an a priori calculation of the entropy of a 
system when molecules such as ortho and para hydrogen are not in complete equilibrium, 
has been answered more specifically by Giauque and Johnston [Phys. Rw. ,  36, Nov. 15. 
(1930) 1. 

We add here for the sake of completeness that most, if not all, of the systems 
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has criticized not only our method of considering the problem, but also 
the numerical result, although his value is identical with ours. However, 
confusion has arisen since the paper by Rodebush, while giving the correct 
value for the absolute entropy of hydrogen, leaves the impression that this 
value should be used in conjunction with values obtained far other sub- 

stances from the Cp d In T with the assistance of the usual extrapola- JT 
tion methods a t  very low temperatures. The papers of Giauque and 
Johnston and of Kelley make a very specific point of the fact that this 
cannot be done. We have learned from a number of personal communica- 
tions and also from criticism of Kelley for using our correct values, which 
we have recently noticed, that it is desirable to restate this problem which 
has implications relating not alone to hydrogen, but to all the elements 
excepting a few which are without nuclear spin. We will return to this 
problem later in this paper. 

The results of Birge, Hyman and Jeppesen for the normal electronic state 
of the hydrogen molecule may be represented by the equation 

E = E,  + Bvm2 f Dvm4 + F,m6 

1 3 5  1 
where m has the values -, -, -, . . . . . . . . ; rn = j + - where j represents 

2 2 2  2 
the number of units of rotational momentum; v refers to the number of 
units of vibration in addition to the half unit of zero point vibration. 
The values of the constants of the above equation are given in Table I. 

CONSTANTS IN THE ENERGY EQUATION OF THE HYDROGEN MOLECULE IN C M . - ~  
I) Ev Bv v EP Bv 

0 0 59.354 7 24281 39.209 
1 4161 96 56.404 8 26823 36.121 
2 8083 53.630 9 29117 32.930 
3 11778.5 50.834 10 31148 29 .53  
4 15247.5 48 008 11 32883 25 .7  
5 18489 45 138 Dv -0.0465 f 0.00135 (V f 4) 
6 21501 42 210 Fv = 5 . 1 8  X 

considered by means of thermodynamics or statistics are not in complete equilibrium. 
Not only "stable" molecules but even the elements are potentially unstable with 
respect to others. 

If we knew the absolute entropies of two organic isomers we believe that no 
criticism would be made if the total entropy of a system consisting of an isomeric mix- 
ture was calculated by adding the entropy of mixing to that of the pure constituents. 
However, when this generally accepted method is applied to the identical case of the 
recently discovered hydrogen isomers, the method is considered not plausible. 

The calculation of absolute entropy is not appreciably complicated by the co- 
existence of some non-equilibrium states. The substitution of a lengthy calculation 
along a reversible path through limiting high temperatures for the simple and direct iso- 
thermal reversible path, usually used in such cases, does not increase the certainty of the 
result. In most cases the former method would require information not yet available. 
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The conclusion of Heisenberg,= on the basis of wave mechanics, that two 
general classes of hydrogen molecules exist has been amply substantiated 
by experiment. In the normal electronic state the para form, which has 
the nuclear spins opposed in the molecule can have only the even molecular 

1 5 9 1 3  
rotational levels, j = 0,2,4, 6, . . . . . . . . , or m = -8 -, -, - . . . . . . . , while 

2 2 2  2 
the ortho form can have only the odd rotational levels. The ortho hy- 
drogen has three times the statistical weight which it would have in 
the absence of nuclear spin since the additive coupling of the two half- 
unit nuclear spins leads to j, = 1 and an a priori probability ps = 2j, + 
1 = 3. The para hydrogen with the canceling coupling has js = 0, ps = 

2j,  + 1 = 1. Thus at high temperatures a ratio of 1:3 between para and 
ortho states is found. The first definite experimental evidence for this ratio 
was given by Hori7 from his measurements on the relative intensities of the 
lines in the band spectrum of hydrogen. Dennison8 then showed that the 
long unexplained shape of the rotational heat capacity curve, first obtained 
experimentally by Eucken: was in complete agreement with the above con- 
ditions. It was assumed that the rate of conversion of ortho and para hydro- 
gen into each other is so slow as to be negligible under the conditions of ex- 
periment. At the suggestion of E. U. Condon, Giauque and Johnston3 kept 
hydrogen at the temperature of liquid air to study the rate of conversion. A 
bomb containing about 10 moles of hydrogen at a pressure of 75 atmospheres 
was kept a t  about 85OK. for 197 days. On liquefying some of this hydro- 
gen the vapor pressure when solid and liquid phases were present was found 
to have been lowered. Smitslo has called attention to the fact that ordinary 
hydrogen has no triple "point" since the solid is in reality a solid solution. 

The observed lowering of the vapor pressure, while small, was beyond 
the limit of experimental error and thus indicated the predicted readjust- 
ment of the relative proportions of ortho and para hydrogen. The further 
experiments promised by these authors were discontinued following the 
publication of the excellent work of Bonhoeffer and Harteck,ll who carried 
out further investigations of the vapor pressure and made quantitative 
measurements of the rate of conversion with the assistance of a charcoal 
catalyst and an analytical method depending on the different thermal 
conductivities of the ortho and para forms. MacLennan and MacLeod13 

6 Heisenberg, 2. Physik, 41, 239 (1927). 
Hori, ibid., 44, 834 (1927). 
Dennison, Proc. Roy. SOC. (London), 115A, 483 (1927). 

* (a) Eucken, Sitzb. ereuss. Akad. Wiss., 144 (1912); (b) Ber. hut. physik. Ges., 
18,4 (1916). 

10 Smits, Koninklijke Akad. Wetenschappen. Amsterdam, 32, 603 (1929). 
11 (a) Bonhoeffer and Harteck, Sitzb. preuss. Akad. Wiss.. 103 (1929); (b) Natur- 

wiss., 17, 182,321 (1929); (c) Z. physik. Chem., 4B, 113 (1929). 
lP McLennan and MacLeod, Nature, 113, 152 (1929). 
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have shown from measurements of Raman spectra on liquid hydrogen 
that the two forms exist under this condition. Further substantiation 
from heat capacity and heat content measurements will be considered 
later. 

The Equilibrium Composition of Hydrogen.-From Equation 1 of the 
previous paper 

N = poA + p ~ A e -  JkT + M e - s / k T  + . . . . . . . . = AQ 

where N is Avogadro's number and A the number of molecules in the lowest 
energy state, we have calculated the ratio of ortho and para molecules exist- 
ing at various temperatures under equilibrium conditions. In place of 
the usual rotational a priori weights 1, 3, 5,  7, 9, . . . . . ., the weights 1, 
9, 5, 21, 9, . . . . . . , must be used. 

The fraction of the molecules in the para states is given by 

The energies used in calculating the exponents are the actual energy 
levels of the molecule and, of course, include such effects as work done in 
the stretching of the molecule with increasing rotation and the change 
in the moment of inertia due to the same cause. The results are given in 
Table 11. 

TABLE 11 
EQUILIBRIUM DISTRIBUTION OF HYDROGEN MOLECULES IN ORTHO AND PARA ROTATION 

STATES 

T, degrees Percentage T, degrees Percentage T, degrees Percentage 
absolute para absolute para absolute para 

0 100 75 51.776 250 25.257 
15 99.989 100 38.461 273.1 25.141 
20 99.814 125 31.871 298.1 25.074 
25 98.996 150 28.544 It will be seen that the 
30 96.951 175 26.836 1:3 ratio is closely ap- 
40 88.547 200 25.953 proximated at room 
50 76.798 225 25.495 temperature 

The Energy Content of Hydrogen.-From Equations 1 and 2 of the 
previous paper the total energy of the system (excluding translation) with 
reference to the zero state may be calculated. 

The calculations have been made for four conditions, pure para hydro- 
gen, pure ortho hydrogen, for the equilibrium mixture of the two, and for 
the 1:3 mixture. The first, third and fourth cases are easily realizable ex- 
perimentally, while the data on ortho hydrogen are useful for the calculation 
of the wide range of realizable systems intermediate between pure para 
hydrogen and the equilibrium mixture. The values are given in Table 
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111. The amount 3/2RT = 2.9804 T cal./deg. per mole should be added 
for translational energy if the total energy is required. 

TABLE I11 

ENERGY OF HYDROGEN GAS WITH REFERENCE TO THE ZERO STATE 

(Translational Energy is not Included) 
Calories per mole - 

T, degrees Pure para Pure ortho Equilibrium 
absolute hydrogen hydrogen mixture $aO 

0 0.00 337.17 0.00 252.88 
15 . 00 337.17 .04 252.88 
20 . 00 337.17 .63 252.88 
25 . 00 337.17 3.39 252.88 
30 . 00 337.17 10.28 252.88 
40 .05 337.17 38.63 252.89 
50 .20 337.18 78.38 252.94 
75 5.77 337.22 165.61 254.36 

100 30.56 338.59 219.78 262.17 
125 80.09 341.83 258.41 276.39 
150 146.61 351.40 292.94 300.20 
175 219.09 368.54 328.44 331.17 
200 290.22 393.59 366.76 367.75 
225 357.04 425.69 408 19 408.53 
250 419.27 463.46 452.30 452.41 
273.1 473 34 502.16 494.84 494.91 
298.1 529.12 546.92 542.46 542.47 

Elbe and SimonlJ have calorimetrically determined the difference in 
energy content of the 1:3 mixture and the equilibrium state by means of 
adsorption of each on charcoal. At 77.5OK. the difference found was 74 
calories per mole. By interpolation we find the value of 83 calories per 
mole a t  this temperature. At 20 4OK. the difference was 241 calories 
against 252 calories from Table 111. Considering the difficulty of experi- 
ment, this is good agreement and is well within the limits of error indicated 
by Elbe and Simon, who made a similar comparison. 

The Heat Capacity of Hydrogen.-The heat capacity for several 
conditions of hydrogen was calculated from Equation 6 of the previous 
paper. 

For example, in making this calculation for pure para hydrogen, only 
the even terms are considered in the summations. The method of using 
the  actual energy levels of the molecules gives the heat capacity with an 
accuracy exceeding that of any direct experimental measurement. The 
values are given in Table IV. The value of 3/2 R = 2.9804 cal./deg. per 
mole should be added to these valurs on account of translation if the total 
heat capacity at constant volume is required. 

la Elbe and Simon. 2. physik. Chem .6B, 79 (1929). 
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Calories per degrees per mole 
T, degrees Pure para Pure ortho Equilibrium 
absolute hydrogen hydrogen mixture x%(C%f;BO 

Similar calculations were given by Dennisons and by Beutler14 both of 
whom assumed the molecule to be rigid. Their results are expressed in 
terms of the variable B/kT, where B is the same as in the first term of the 
equation used above to represent the energy levels of the molecule. This 
can be done only when the condition of rigidity is imposed. By interpola- 
tion of Dennison's values it is found that the neglect of molecular stretch- 
ing leads to results about 1% too low a t  200°K. and about 1.3% too low 
a t  298.1°K. The necessity of considering molecular stretching in this 
connection was pointed out by Kemble and Van Vleck.16 

The various experimental measurements on the rotational heat capacity 
of hydrogen have been summarized by Eucken and Hiller,I6 who have 
carried out a very interesting series of experiments on hydrogen with 95, 
43.1, 36.4 and 31.1%, respectively, of the para variety in addition to  or- 
dinary hydrogen with 25%. It is interesting to note that when we consider 
the effect of molecular stretching, the good agreement of the results of 
Cornish and Eastman" with the theoretical curve is further improved. 

The Entropy of Hydrogen.-The important and much misunderstood 
value of the entropy of hydrogen may be calculated from Equation 14 
of the previous paper. 

1 Zfiee-dkT 
In Zpe-efkT + kr zpe-4kT - -1 

l4 Beutler, 2. Physik. 50, 581 (1928). 
l6 Kemble and Van Vleck, Phys. Rev., 21,653 (1923). 
16 Eucken and Hiller, 2. Physik. Chem., 4B, 142 (1929). 
17 Cornish and Eastman, THIS JOURNAL, 50,627 (1928). 
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when T = 298.1°K. To this must be added the entropy due to transla- 
tion, namely 28.090 E.U. This is obtained from the Sackur equation 
given as Equations 20 and 21 in the previous paper. 

S o  Translation = 3/2 R In M f 5/2 R In T - 7.267 

where M is the molecular weight and the pressure of the gas is one atmos- 
phere. 

The absolute entropy of hydrogen is thus found to be 33.98 calories per 
degree per mole, in agreement with our previous value mentioned above. 
However, we hasten to add that this is not the value which should be used 
as the entropy of hydrogen in combination with f Cfi d In T for other 
substances. 

This can perhaps best be made clear by discussing the application of 
the third law of thermodynamics to hydrogen. It was shown by Giauque 
and Johnston3 that ordinary solid hydrogen had an entropy of 4.39 E.U. 
above the vibrational entropy. This is due to the existence of ten kinds 
of molecules within the solid state. These kinds of molecules are dis- 
tinguished only in that each has a different rotational or nuclear spin 
quantum specification. Of these one-fourth are para hydrogen with j = 0 
and three-fourths are equally divided between nine kinds of ortho hydrogen, 
with j,,, = 1 and j, = 1, each of the latter therefore making up one-twelfth 
of the total amount. This can be considered by the usual expression for 
the entropy of mixing 

A S  = -1/4 R In 1/4 - 9/12 R In 1/12 = 4.39 E.U. 

The best determinations of the heat capacity of condensed hydrogen are 
due to Simon and Lange,18 who also directly determined the heat of vapo- 
rization. - They found that their results on solid hydrogen could be repre- 
sented by a Debye function with an hv/k = 91. The most accurate de- 
terminations of the heat capacity of hydrogen gas are those of Cornish and 
Eastman,17 who used the velocity of sound method a t  low temperatures. 
The greatest uncertainty in calculating entropy from the experimental 
measurements lies in the estimation of the correction of the actual hydrogen 
gas to the ideal gas at  low temperatures, since the heat capacity of the 
actual hydrogen gas has not been measured a t  the temperatures of con- 
densed hydrogen. For this reason we have used the heat of vaporization a t  
the melting "point(?)" of hydrogen but even here where the pressure is but 
5.38 ern., the correction obtained by combining the thermodynamic equa- 
tion (dS/dP)r = - (bV/dT)p with the equation of Berthelot is 0.13 E.U., 
while that obtained from the equation of van der Waals is 0.03 E.U. 
A summary of the calculation is given in Table V. 

" Simon and Lange, 2. Physik, 15,312 (1923). 
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TABLE V 
CALCULATION OF THE ENTROPY OP HYRROGEN 
Solid Cal./deg. per mole 

0-13.95"K., hv/k = 91 0.52 
Fusion, 28.0/13.95 2.01 
Vaporization at 5.38 cm. pressure, 217.8/13.95 15.61 
Correction to ideal gas 0.13 Berthdot, or 

.03 van der Waals 
Compression from 5.38 cm. to 76.0 cm. -5.26 

S"cP d ln T 16.73 
13.06 

29.74 Berthelot gas, or 
29.64 van der Waals gas 

Subtracting the entropy of mixing referred to above from the absolute 
entropy, the value 33.98 - 4.39 = 29.59 E.U. is found to be in excellent 
agreement with the observed value. This is a very interesting confirma- 
tion, not only of the truth of the third law, but also of the correctness of 
the situation assumed to exist in solid hydrogen. 

Recently Simon, Mendelssohn and Ruhemannig have published a pre- 
liminary report of an investigation of the heat capacity of solid hydrogen 
at the temperatures of liquid helium. They have found that the heat 
capacity fails to follow the Debye curve and at about 2OK. is increasing 
with decreasing temperature. For the ordinary mixture this additional 
loss of entropy amounts roughly to 0.7 E.U. to 2OK. and shows that 
hydrogen is beginning to dispose of the 4.39 E.U. referred to above. 

In a recent paper Pauling20 gives convincing reasons for believing that 
not only hydrogen but many other molecules containing hydrogen are 
rotating in the solid state. Pauling supports the conclusions of Giauque 
and Johnston and predicts that the process of losing the 4.39 E.U. will 
not approximate completion until temperatures below O.OOl°K. are 
reached. 

From the above results it will be evident that it is not practical to obtain 
the absolute entropy of hydrogen from heat capacity measurements alone. 
It is equally certain that in the case of other substances with nuclear spin, 
and this includes nearly all substances, heat capacity measurements over 
the attainable temperature range will not s&ce to give the absolute 
entropy. This situation which would at first sight seem fatal to the exact 
practical application of the third law of thermodynamics is by no means so 
serious since there is reason for believing that hydrogen may be the only 
substance which does not cause a very simple type of deviation for which 
a correction may be applied. 

To make this clear we will consider an important observation of Gibson 

19 Simon, Mendelssohn and Ruhemann, Natudss. ,  18, 34 (1930). 
m (a) Pauling, Phys. Rev., 36,430 (1930); (b) Personal communication. 
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and ~eitler?'" who carried out, from spectroscopic data, the calculation 
of the dissociation of gaseous iodine into its atoms. They show with the 
assistance of wave mechanics that in reactions involving diatomic and 
monatomic substances that nuclear spin contributes equally to the ab- 
solute entropy of the reactants and to the products. Using this fact 
Gibson and Heitler were able to make a very accurate calculation of the 
dissociation constant even though the nuclear spin of the iodine atom is 
unknown. ~ i b s o n ~ l ~  has expressed the opinion that cancellation will 
occur in reactions involving polyatomic molecules. 

However, it must be pointed out that the nuclear spin cancellation is 
only a limiting approximation which is valid when the temperature is 
high enough. For gas reactions there is little reason for doubting that 
room temperature is always sufficient. As an example the equilibrium 
reaction Hz = 2H would approximate an error of 2 R ln 2 = 2.75 E.U. 
a t  20°K. where, at  equilibrium, nearly all of the diatomic hydrogen would 
be in the zero state of the para form which has unit weight, whereas the 
monatomic hydrogen still retains equal distribution among its spin multi- 
plets. At 100°K. the discrepancy has been reduced to 0.88 E.U., while a t  
room temperature it is negligible. It may also be added that hydrogen 
shows this effect to a much greater degree than is possible in any other 
diatomic molecule at  the same temperatures and almost certainly to a 
greater degree than will be found possible in polyatomic molecules. If 
solid substances always retain the high temperature multiplicity due to 
nuclear spin over the experimental range used in connection with the 
third law of thermodynamics, it is obvious that it will be unnecessary to 
consider it. Very probably this is nearly always true, the one known ex- 
ception being hydrogen, with some compounds containing hydrogen being 
somewhat uncertain. 

On the experimental side the results of Giauque and Wiebe22 on hy- 
drogen chloride, hydrogen bromide and hydrogen iodide all prove that the 
limiting entropy due to spin persists to temperatures below 15OK. They 
showed that the entropy given by the third law agreed with that obtained 
from spectroscopic data when nuclear spin was ignored in the calculation. 
This author will soon publish a paper showing that the available data on 
iodine lead to the same result. This is particularly important since, in 
distinction from the polar hydrogen halides, the symmetry of the iodine 
molecule must lead, as in all such cases, to ortho and para molecular species. 
Pauling, in the paper referred to above, indicates that this is due to the 
fact that a molecule like iodine cannot rotate in the solid state, whereas 

21 (a) Gibson and Heitler, Z. Physik, 49,465 (1928) ; (b) Gibson, personal commurii- 
cation. 

22 (a) Giauque and Wiebe, THIS JOURNAL, 50, 101 (1928); (b) 50, 2193 (1928); 
(c) 51, 1441 (1929). 
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hydrogen can. Experimental work on nitrogen and methane is in progress 
in this Laboratory in order to decide this question. 

From the above it is concluded that all polar molecules which do not 
have the possibility of ortho and para rotational series of the type illustrated 
by hydrogen, will retain their high temperature nuclear spin entropy to 
temperatures far below 1°K. In the case of molecules having two or more 
similar atoms symmetrically placed within the molecule, all those contain- 
ing such symmetrically placed atoms other than hydrogen will probably 
retain their limiting spin entropy to temperatures below 1°K. In the 
case of hydrogen it must be considered that the size of the proton places 
it in a class far removed from the other atoms whose "size" depends on 
the electron configuration about them. Many organic compounds un- 
doubtedly have symmetrically placed hydrogen atoms. This does not 
necessarily mean that nuclear spin cancellation does not occur, since these 
molecules differ from hydrogen in that they condense at temperatures 
where the high temperature nuclear spin entropy is established, whereas 
the hydrogen molecules are frozen out at temperatures greatly below this 
point. 

In many recent references to the use of the third law in connection with 
reactions involving hydrogen, the authors seem to feel that the entropy 
of hydrogen is in doubt. We hope it has been made clear that the entropy 
of hydrogen is definitely established and that the remaining doubt con- 
cerns other molecules which contain hydrogen. Since the effects dis- 
cussed are of primary importance in connection with the use of the third 
law of thermodynamics in organic chemistry, it is interesting to note that 
the predominant isotopes carbon 12 and oxygen 16 are without nuclear 
spin. 

The value of the entropy of hydrogen which should be used in con- 
junction with data obtained from the third law of thermodynamics is 
31.23 E.U. This is the value which has been used by Kelley4 at  our sug- 
gestion. It is obtained by subtracting the high temperature nuclear spin 
entropy R In 4 = 2.75 E. U. from the absolute entropy of hydrogen 
33.98 - 2.75 = 31.23 E. U. This places hydrogen on the same basis as 
other molecules in most of which, and perhaps in all of which, the sub- 
traction is taken care of by the fact that heat capacities are not usually 
measured below temperatures of a few degrees absolute. 

The Dissociation of Hydrogen.-Langmuir and M a ~ k a y ~ ~  have de- 
termined the heat of dissociation of hydrogen and the equilibrium constant 
over a range of temperatures. They utilized measurements of the energy 
conducted away from a heated filament operating in hydrogen gas a t  
various pressures. As is well known, the evaluation of the heat of reaction 

(a) Langmuir, Tms JOURNAL, 34, 860, 1310 (1912); (b) 37, 417 (1915); (c) 
Langmuir and Mackay, iEd.. 36, 1708 (1814). 
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and dissociation constant from data where both occur as unknowns is 
very difficult and for this reason no very high accuracy has been claimed 
for the values obtained. However, with the assistance of the data and 
methods discussed above it is possible to show that the values of the dis- 
sociation of hydrogen given by Langmuir over the temperature range where 
his method was considered to be reliable are very satisfactory even though 
their temperature coefficient is somewhat in error. 

From Equation 27 of the previous paper we have 
F O  - E," -= 

T -3/2 R In M - 512 R In T + R In P -R In Q + 7.267 

R = 1.9869 calories per degree per mole. 

From the energy equations of Birge, Hyman and Jeppesenl the values 
of the absolute Q = 2pe-'IkT for the hydrogen molecule have been cal- 
culated. The values of ( F O  - E,")/T are given in Table VI. 

298.1 27.191 1250 37.069 3200 44.018 
300 27.235 1300 37.344 3300 44.259 
350 28.285 1400 37.868 3400 44.493 
400 29.193 1500 38.360 3500 44.720 
450 29.999 1600 38.825 3600 44.941 
500 30.720 1700 39.264 3700 45.157 
550 31.374 1800 39.678 3800 45.368 
600 31.973 1900 40.069 3900 45.574 
650 32.524 2000 40.440 4000 45.776 
700 33.035 2100 40.795 4100 45.973 
750 33.512 2200 41.137 4200 46.166 
800 33.959 2300 41.468 4300 46.355 
850 34.379 2400 41.789 4400 46.540 
900 34.775 2500 42.100 4500 46.721 
950 35.150 2600 42.402 4600 46.899 

1000 35.507 2700 42.694 4700 47.074 
1050 35.847 2800 42.977 4800 47.246 
1100 36.172 2900 43.250 4900 47.416 
1150 36.483 3000 43.514 5000 47.584 
1200 36.782 3100 43.770 

The values given in heavy type have been directly calculated, the others have been 
carefully interpolated. 

In calculating the values in Table VI the effect of nuclear spin has been 
included. However, if these values are to be combined with similar data 
for substances where the nuclear spin is unknown, and thus is con- 
veniently ignored, the amount of R In 4 = 2.755 should be added to 
(FO - E,O)/T. For example, the value of - (FO - E;)/T for 298.1°K. 
becomes 24.436 calories per degree per mole. 
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For monatomic hydrogen the absolute Q = 1 per atom, a multiplicity 
of 2 arising from nuclear spin with an additional factor of 2 due to the 
electron spin in this atom. Thus the absolute 

F O - E," 
P = = z  

T -312 R In 1.0076 - 512 R In T - R In 4 + 7.267 

In Table VII the values of +5/2 R In T - 7.267 are given instead 
of the whole function because these values are necessary in connection 
with all other gaseous substances. The constant amount 3/2 R In 1.0076 
+ R In Q = 2.784 must be added to the values in Table VII to give 
- ( F O  - E,")/T for atomic hydrogen. For example, the value for 
298.1°K. is 23.818 calories per degree per mole. 

To eliminate the contribution of nuclear spin the amount R In 2 = 

1.378 should be subtracted, thus giving 22.440 at 298.1°K. 

TABLE VII 

5 R In T - 7.267 R In 2' - 7.267 % R In T - 7.267 

298.1 21.034 1250 28.154 3200 32.823 
300 21.065 1300 28 349 3300 32.976 
350 21.831 1400 28.717 3400 33.124 
400 22.494 1500 29.060 3500 33.268 
450 23.079 1600 29.380 3600 33.408 
500 23.603 1700 29.681 3 700 33.544 
550 24.076 1800 29.965 3800 33.677 
600 24.508 1900 30.234 3900 33.806 
650 24.906 2000 30.489 4000 33.932 
700 25.274 2100 30.731 4100 34.054 
750 25.617 2200 30.962 4200 34.174 
800 25.937 2300 31 ,183 4300 34.291 
850 26.238 2400 31.394 4400 34.405 
900 26.522 2500 31.597 4500 34.517 
950 26.791 2600 31.792 4600 34.626 

1000 27.046 2700 31.979 4700 34.733 
1050 27.288 2800 32.160 4800 34.837 
1100 27.519 2900 32.334 4900 34.940 
1150 27.740 3000 32.503 5000 35.040 
1200 27.951 3100 32.665 

For the reaction HZ. = 2H, values of A(FO - E,O)/T may be obtained 
from the above tables. 

AF" - = - R l n K  = P. 
T 

where K = [HI2/ [HZ]. 
AE," has been evaluated by a number of authors from vibration bands 

which have been observed to dissociate in the case of one of the higher 
electronic levels. A knowledge of the molecular and atomic excitation 



energy completes the necessary information. The basis of such calcula- 
tions has been discussed by Birge and Sponer2* and a summary of recent 
work has been given by Birge.25 

The most reliable value is that given by Richardson and DavidsonJ2'j 
namely, 4.46 * 0.04 volt electrons or since 1 volt electron = 23,059 calories 
per mole, AE; = 102,800 +. 1000 calories per mole. 

Bichowsky and CopelandZ7 have calorimetrically determined the AH 
of the above reaction to be 105,000 * 3500 calories per mole at  room tem- 
perature. With the assistance of Table I11 it is found that this should be 
decreased by 940 calories in order to obtain AE;. Thus AE," = 104,000 
+ 3500 calories in satisfactory agreement with the spectroscopic value. 

Using the value AE," = 102,800 * 1000 calories per mole with Tables 
VI and VII, the values given in Table VIII have been computed. 

TABLE VIII 

T, 
degrees 
absolute 

- A ( F O  ; E t )  

Calones per degree 

Additional values may be calculated similarly from the data given in 
Tables VI and VII. The estimate of the accuracy is based on the as- 
sumption that the AE," is reliable to 0.04 volt electrons. When a more 
accurate value of AE," becomes available, a very simple correction may be 
applied. 

In Table IX the values of the percentage dissociation at  one atmosphere 
pressure are given: percentage dissociation = 100 ~ K / ( K  + 4P), 
where P = total pressure. The values given by previous authors have 
been included for comparison. 

We have previously mentioned the good agreement between the cal- 
culated values and those obtained by Langmuir. This would not be so 
if the spin effects were not properly considered. For example, neglect of 
the electron spin multiplicity in the hydrogen atom would decrease all the 

24  Birge and Sponer, Phys. Rev., 28, 259 (1926). 
25 Birge, Trans. Faraday Soc., 25, 707 (1929). 
2s Richardson and Davidson, Proc. Roy. SOC., (London), 123A, 466 (1929). 

Bichowsky and Copeland, THIS JOURNAL, 50,1315 (1928). 
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TABLE IX 
PERCENTAGE OP HYDROGEN DISSOCIATED AT A TOTAL PRESSURE OP ONE ATMOSPHERE 

Lang- Lewis and 
T, degrees This rnuirm &ha28 Duffendacht* Edgar* Randall,al Wohl*" 
absolute author 1915 1920 1922 1923 1923 1924 

298.1 ( 1 . 8 * 6 . 6 ) X 1 0 - a 4  . .  . . . . . . . . . . .  . . . . 
500 (4.4 * 6.7)  X 10-l9 . . . . . . . . . . . . .  . . . . . . 

. . . . . . . .  1000 ( 1 . 3 * 0 . 8 ) ~ 1 0 - 7  . .  . . . . . . . . 
1500 (9.5 * 3.4)  x .. . . 1900 x . . . . . . 
2000 0.086 * 0.011 0.17 1 6 . 5  0.63 0 .89  0.83 
2500 b1.31 1 0 . 1 3  1 . 6  11 59 5.95 . . . . 

. . . . . . .  3000 8 . 1  * 0.65 7 . 2  46 26 . . . . 
3500 2 9 . 7 . t l . l  21 85 . . . . . . . .  . 70 . . 
4000 63.3 * 2 . 2  . .  96.5 . . . . . . . . .  . . . . . . 
5000 95.7 5 0 . 1  .. 100 . . . . . . . . .  . . . . 

calculated dissociation constants by a factor of four. This same effect 
has been even more definitely demonstrated by Gibson and Heitler21 in 
the case of the dissociation of iodine. 

The agreement also supports the statement of Gibson and Heitler that 
nuclear spin effects cancel in chemical reactions and can thus be ignored. 
Although this factor was not ignored in the above calculation, the results 
above ordinary temperatures would be identical if it  had been, since the 
limiting contribution to the free energy of both reactant and product is 
- RT In 4. 

It is evident that the results of spectroscopy will permit the determina- 
tion of chemical equilibria involving simple molecules with an accuracy 
not attainable by previous experimental methods. 

Summary 

The band spectrum data of the hydrogen molecule have been used to 
illustrate the exact calculation of several thermodynamic properties. 

The relative amounts of ortho and para hydrogen molecules under equi- 
librium conditions have been given over the significant temperature range 
with high accuracy. 

The energy contents and heat capacities of pure para hydrogen, pure ortho 
hydrogen, the equilibrium mixture and the mixture consisting of one part 
para to three parts of ortho hydrogen have been calculated over the range 
from O0 to 298.1°K. 

The free energy of the reaction Hz = 2H has been calculated a t  various 
temperatures up to 5000°K. The equilibrium constants and percentage 

2s Saha, Phil. Mag., 40,472 (1920). 
Duffendach, Science, 55,210 (1922); Phys. Em., 20,665 (1922). 

80 Edgar, THIS JOURNAL, 45, 673 (1923). 
31 Lewis and Randall, "Thermodynamics and the Free Energy of Chemical Sub- 

stances," McGraw-Hill Book Co., Inc., New York, 1923, p. 471. 
82 Wohl. 2. Elektrochem., 30, 49 (1924). 
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dissociation have been given and comparison has been made with the 
results published by others. The fractions dissociated as obtained from 
band spectrum data alone are shown to be in good agreement with those 
given by Langrnuir on the basis of the amount of heat conducted from a 
hot filament in an atmosphere of hydrogen. 

Tables of the free energy function for hydrogen have been given for 
temperatures up to 5000°K. These will be useful in connection with 
chemical reactions in which hydrogen takes part, and will be followed by 
the publication of similar tables for other substances. 

The absolute entropy of hydrogen was found to be 33.98 calories per 
degree per mole. The entropy which should be given by the ordinary ap- 
plication of the third law of thermodynamics, including the usual Debye 
extrapolation below the temperatures of liquid hydrogen, is shown to be 
29.59 E.U. This is in close agreement with the experimental value 29.7 
or 29.6 depending on whether the equation of Berthelot or that of van der 
Waals, is used in correcting for gas imperfection. The theoretical value of 
29.59 E.U. is obtained from the assumption that the lowest levels of ortho 
and para hydrogen, with their combined total of ten quantum species, are 
present in the solid state as a perfect solution. The relative amounts are 
those determined by the room temperature equilibrium of ortho and para 
hydrogen. This is one of the best proofs of the third law of thermodynamics. 

The effect of nuclear spin on the entropies obtained from the third law 
has been discussed. This question is of first importance in the practical 
application of the third law since nearly all elements have a nuclear spin 
and it contributes a considerable amount of entropy. It is concluded that 
the portion of the absolute entropy resulting from nuclear spin will usually 
persist to temperatures below those a t  which measurements are ordinarily 
made. There is reason to believe that hydrogen will prove to be the one 
exception to the above statement but further experiments are necessary 
to lend weight to this. 

Gibson and Heitler have shown that the effect of nuclear spin, like the 
isotope effect, cancels in reactions. While this is a high temperature ap- 
proximation, the sense of our above statements is that a few degrees abso- 
lute is usually a sufficiently high temperature to effect cancellation. This 
being so the ordinary method of applying the third law automatically cor- 
rects for the neglect of nuclear spin entropy through cancellation in the 
chemical reaction concerned. This explains the previous successful tests 
of the third law. 

In  the case of hydrogen a few degrees or even a hundred degrees abso- 
lute is not sufficient to approach the limiting case. Thus in order to ob- 
tain an entropy value for hydrogen which may be used in combination 
with those obtained by the ordinary application of the third law to other 
substances, we may adopt the artifice of subtracting the limiting spin 
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entrooy from the known absolute entropy, giving the value 33.98 - R In 4 
= 31.23 E.U. 

This is in agreement with the fact that the ordinary, and incorrect, 
application of the third law to hydrogen has, in general led to discrepancies 
which would be reduced by the use of this value. 

We wish to emphasize that while some uncertainty may remain as to 
the effect of nuclear spin on other substances, no reasonable doubt exists 
as to the value of the entropy of hydrogen. 

BERKELEY, CALIFORNIA 

[CONTRIBUTION FROM THE DEPARTMENT OF CEIEMISTRY OF DUKE UNIVERSITY] 

A STUDY OF THE CADMIUM-LEAD CHLORIDE VOLTAIC CELL' 

The difference between two values reported for the electromotive force 
of the cell 

Cd(Hg) I CdClz 2.5HaO (sat.) I CdClp 2.,5Hs0 (sat.), PbClz (sat.) I Pb(Hg) (I) 

namely 0.1408 v . ~  and 0.13859 v . ~  at 2s0, respectively, is too great to be 
attributed to experimental error. 

The value for Cell 1 can be calculated from the values of the cells 
Cd(Hg) I CdClz 2.5H20 (sat.) / CdC12 2.5H20 (sat.), Hg,C12 (sat.) I Hg (2) 

Pb(Hg) / PbClz (sat.) I PbCl2 (sat.), Hg2C12 (sat.) I Hg (3) 

Lipscomb and Hulett4 found for Cell 2 the value E25 = 0.67080 v. For 
Cell 3 Gerke5 found the value E z ~  = 0.5299 v. Calculating the electro- 
motive force of Cell 1 from these values gives a result which agrees well 
with the value found by Obata. Cell 3 and the similar cell with a solid 
lead electrode have been studied by numerous other  investigator^.^ Values 
calculated for Cell 1 from the results for Cell 3~btained by some of these 
investigators are in better agreement with Vosburgh's value. Cells 1 
and 3 have therefore been studied further. 

The electromotive force-temperature curve of Vosburgh's cell shows 
a transition point at  26' which does not correspond to the transition point 
of cadmium chloride. An explanation of this was sought also. 

1 Taken from a thesis presented by Rudolf J. Priepke in partial fulfilment of the 
requirements for the degree of Master of Arts a t  Duke University in June, 1930. 

2 Obata, Proc. Phys. Math. Soc. Japan, [3] 3,64, 136 (1921). 
Vosburgh, THIS JOURNAL, 49, 2222 (1927). 
Lipscomb and Hulett, ibid., 38,20 (1916). 
Gerke, zbzd., 44, 1698 (1922). 

0 (a) Babinski, Dissertation, Leipzig (1906); (b) Timofejew, 2. physik. Chem., 
78, 310 (1912); (c) BrBnsted, 2. Electrochem., 19, 754 (1913); (d) Lewis and Brighton, 
THIS JOURNAL, 39, 1906 (1917); (e) Gunther, Z. Electrochem., 23, 197 (1917); (f) 
Krahmer, ibid., 26.97 (1920); (g) Getman, THIS JOURNAL, 40,611 (1918). 
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Preparation of Materials 
Mercury was purified by washing with mercurous nitrate solution and distilling 

under reduced pressure in a current of air. 
Water for the preparation of materials was redistilled from alkaline permanganate. 

Water for the electrolyte solutions was redistilled a second time in an all-silica still. 
Three preparations of mercurous chloride were used. Preparation 1 was made by 

adding dilute hydrochloric acid slowly to mercurous nitrate solution. Preparation 2 
was made by adding mercurous nitrate solution to dilute hydrochloric acid. Prepara- 
tion 3 was made by a modification of the electrolytic method of H ~ l e t t . ~  All three 
preparations were digested under dilute hydrochloric acid a t  a temperature near the 
boiling point for a t  least eight hours. 

Lead chloride was precipitated by adding a solution of recrystallized lead nitrate 
drop by drop to a solution of redistilled hydrochloric acid. 

Baker's c. P. cadmium chloride and potassium chloride were recrystallized from re- 
distilled water. 

Lead amalgam was made electrolytically from purified mercury and lead chloride 
and contained approximately 6% of lead. 

To make cadmium amalgam, cadmium was electrolyzed from c. P. metal sticks into 
commercial redistilled mercury through cadmium sulfate solution. From the amalgam 
thus formed the cadmium was again electrolyzed into purified mercury, forming a 12% 
amalgam. This was diluted with mercury to make a 10% amalgam.7 

Experimental 

Preparation of Cells.-The cells were set up in glass H-vessels 16 cm. 
high and 5.5 cm. wide. The tubes had an inside diameter of 10 mm. 
In the preparation of Cells 2A and 2B, the mercurous chloride was filtered 
in a Gooch crucible and mixed in an agate mortar with crystals of cadmium 
chloride. This paste was transferred to a separatory funnel and washed 
several times in an atmosphere of nitrogen with the electrolyte solution. 
It was then put into the cell vessel on top of the mercury, the end of the 
separatory funnel being kept under the surface of some electrolyte solu- 
tion above the mercury. Cadmium chloride crystals were then placed 
above the paste. The mefted amalgam was put into the vessel by means 
of a heated glass tube, and the surface washed with some slightly acidified 
electrolyte solution to remove cadmium oxide. Then the surface was 
washed several times with electrolyte solution and finally crystals of cad- 
mium chloride and electrolyte were put on top of it. The vessels were 
filled to the cross arm with electrolyte and closed with paraflin-coated 
corks. All the other cells (except Cells 3C and 3D, which were prepared 
without precautions to protect from air) were prepared in a similar manner. 
In the preparation of Cells lC, ID, 1E, 2C, 2D, 3E and 3F the paste was 
not washed in a separatory funnel. Instead, the cells were alternately 
evacuated and filled with nitrogen several times. Cells 2E, 2F, 3G and 
3H were prepared using both these precautions. 

In Cells 3A and 3B saturated lead chloride solution was used as the 

The cadmium amalgam was prepared by Kelly L. Elmore. 
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electrolyte. In Cells 3G and 3H, 1.0 N potassium chloride solution was 
used. All the other cells contained saturated cadmium chloride solu- 
tion as the electrolyte. In cells with saturated cadmium chloride solu- 
tion as the electrolyte, cadmium chloride crystals were mixed with the 
paste and were present in excess in both arms of the cell. 

The cells were kept at  25', except as otherwise indicated, in an electri- 
cally controlled oil thermostat, the temperature of which fluctuated not 
more than * 0.01 and under favorable conditions not more than * 0.005°. 
The temperatures are probably correct to within *0.02'. 

Electromotive Force Measurements.-The electromotive forces were 
measured by means of a calibrated Leeds and Northrup Type K poten- 
tiometer. Standard Weston cells Nos. 353-356 and 496 previously de- 
scribed8 were used as reference standards. They were found t o  agree 
within one or two parts in 100,000 with two portable saturated cells certi- 
fied by the Bureau of Standards. 

A number of the cells started with abnormally high electromotive forces. 
The electromotive forces of such cells decreased continuously over a period 
of several weeks until finally constant values were obtained. Changes in 
temperature appeared to hasten the attainment of a constant value. 
Other cells were practically constant from the beginning. Table I shows 
the initial and final constant values of cells of each of the three types. 
In most cases the constant values of duplicate cells agreed to within 0.1 
mv., but in two cases duplicates differed by 0.6 mv. The latter were 
given less weight in selecting the final values. 

Of the three types of cells, the calomel standard cell of Lipscomb and 
Hulett, Cell 2, was the easiest to reproduce. The quality of Cell 3 de- 
pended somewhat on the electrolyte used, potassium chloride giving the best 
results. When no electrolyte other than the lead chloride was used, the 
electromotive force was about 1 mv. too high, and the cells did not agree well. 

ELECTROMOTIVE FORCES AT 25O 
I---E. m. f . ,  v.- ,----E. m. f . ,  v ---. 

Cells Initial Constant Cells Initial Constant Electrolyte 

lA, 1B 0.1393 0.1405" 3A, 3B 0.5315 0.5310 PbCla, sat. 
1C ,1365 .I400 3C, 3D .5337 .5301 CdCla, sat. 
ID, 1E .I345 .I406 3E, 3F ,5366 ,5301 CdCl2, sat. 
2A, 2B .6706 .6707 3G, 3H ,5298 ,5297 KCl, 1 N 
2C, 2D ,6740 .6703 
2E, 2F .6706 .6706 

" After a number of later temperature changes Cell 1A assumed the value 0.1407 v. 
Cell 1B was variable after a series of temperature changes. 

Two temperature coefficient determinations were made, the first using 
a limited number of cells and the second all cells which had come to equi- 

8 Vosburgh, THIS JOURNAL, 47, 1257 (1925); 49,85 (1927). 
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TABLE I1 
ELECTROMOTIVE FORCES AT VARIOUS TEMPERATURES 

Temp., "C. Cells l A ,  l B ,  v. Celld lA,  v. Cells ZA, 2B, v. Cells 2E, ZF, v. Cells BG, 3H, v. 

25 0.14052 0.14072 0.67063 0.67062 0.52974 
20 .I4166 .I4185 .67108 .67108 .52907 
17 .... .I4248 .67130 .67128 .52862 
20 . . . . .I4185 .67108 .67106 .52888 
25 .I4055 .I4069 .67060 .67058 .52973 
30 .I3933 .I3945 .67007 .67007 .53040 
35 .I3854 .I3854 .66995 .66989 .53110 
40 .I3927 .I3925 .67135 .67136 .53178 
35 .I3857 .... .... . . . .  .... 
30" .I3787 .I3786 ,66857 .66851 .53038 
25" .I3716 .1365" .67131e .66706 .52963 
25b .14075' .I407 .67067 .67059 .... 
a Cells 1 and 2 were metastable a t  these temperatures. These values were 

obtained after stable equilibrium had been reattained. " This value was for Cell 1A. 
Cell 1B did not come back to a definite equilibrium. This is a second determination 
of the temperature coefficient of Cell 1A. " One leg of each of these cells became stable 
while the other remained metastable. 

chloride is the solid phase. change, after the first tempera- 

librium, Beginning a t  25' the temperature was changed as indicated in 
the first column of Table 11. Usually three days or more were allowed for 

_ the cells to come to equilibrium 
0.1430 

0.1410 
d 
+ 
a 

FZi 
0.1390 

LlIz134 about change 34", of slope there a t  was that point a sharp in 0.1370 
15 25 35 

the electromotive force-tem- 

Temperature, OC. perature curve of the cells with 

Fig. 1.-Variation of the electromotive force cadmium 
of Cell 1 with temperature. The circles are as illustrated by Fig. 1. On de- 
values of Cell 1 obtained in this investigation. creasing the temperature, the 
The dotted curve gives the values previously monohydrate did not &ange 
found by Vosburgh. The squares are points a t  back to the hemipentahydrate 
which Vosburgh's cell and Cell 1 were in close 
agreement and represent the values of the elec- immediately, sometimes not 
tromotive force when monohydrated cadmium even a t  25". To hasten this 

a~~ 

'.,* 
f 

O 

a t  each temperature .  In a 
few cases, when measurements 
a t  intervals showed no change 
taking place, less time was 
allowed. Electromotive force 
measurements were made every 
day. The results are given in 
Table 11. 

Since cadmium chloride 
changes from the hemipenta; 
hydrate to the monohydrate a t  
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ture coefficient determination, the cells were put into an ice-salt mixture 
for a day. After the second determination, instead of this treatment the 
cells were opened and seeded with crystals of the hemipentahydrate. The 
latter method is much more effective. The electromotive forces then re- 
turned to the values for the stable cells at 25') except in the case of Cell 113 
which, after being cooled, became variable. 

Discussion 

The value found for Cell 2, E 2 5  = 0.6706 v., was about 0.2 mv. lower 
than the value given by Lipscomb and H ~ l e t t . ~  This, while not a serious 
disagreement, may perhaps have been caused by the digestion of the 
mercurous chloride. I t  has been shown

g 
that digestion of mercurous 

sulfate gives a more stable preparation, leading to lower and more repro- 
ducible results when used in Weston cells. The same was found to be 
true in the case of lead dioxide.1° 

Cell 2 became metastable when the temperature was raised above 34O 
and then cooled again. The metastable cells readily assumed their nor- 
mal value a t  25' on being seeded with hemipentahydrate crystals or sub- 
jected to cooling treatment. The electromotive force of Cell 2 between 
20 and 30' is given by the formula 

E = 0.6706 - 0.000102 (t  - 25) - 0.0000025 (t - 25)' 

the temperature coefficients being those found by Lipscomb and Hulett. 
From 34 to 40° and for the metastable cell between 25 and 34O the electro- 
motive force is given within 0.1 mv. by the formula 

E = 0.6699 + 0.000284 ( t  - 35) 

Five cells of the type of Cell 1 were made which gave good results. 
Three of them did not come to equilibrium until the middle of the tem- 
perature coefficient determination, but their values in the metastable 
state as well as their values in the final stable state a t  25' were in good 
agreement with the other two cells. 

The values a t  different temperatures of Cell 1A, which was subjected 
to both temperature coefficient determinations, are given in Table 111, 
together with those calculated from the formula given by Obata.2 

TABLE I11 

ELECTROMOTIVE FORCE OF CELL 1 AT DIFFERENT TEMPERATURES 

Temp., OC. 17 20 25 30 
Cell lA, v. 0 14248 0.14185 0.14072 0.13945 
Obata, v. ,14243 .I4186 ,14080 .I3956 

When Cell 1 has monohydrated cadmium chloride as the solid phase 
in equilibrium (or metastable equilibrium) with the electrolyte, the re- 

Vosburgh, THIS JOURNAL, 46, 104 (1924). 
10 Vosburgh and Craig, ibid. 51,2012 (1929). 
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lation between the electromotive force and the temperature is practi- 
cally linear. Table IV gives the electromotive force at  different tempera- 
tures of Cell 1 of this investigation with monohydrate crystals together 
with those calculated from the values given by Vosburgh3 for his cell 
under the same conditions. 

TABLE IV 
ELECTROMOTIVE FORCE OF CELL 1 WITH MONOWDRATE CRYSTALS 

Temp., '(2. 25 30 35 40 
E. m. f. ,  Cell 1, v. 0.13716" 0.13784~ 0.13850~ 0.13918~ 
Vosburgh, v." .I3716 .I3788 .I3857 .I3927 

" Cells 1A and 1B. "ells lA, lB ,  1D and 1E. It  is to be noted that Vosburgh 
used an amalgam containing lead. His values have been corrected as indicated in his 
paper (Ref. 3) and the values given here apply to a cell with pure cadmium amalgam, 
and so are comparable with the values of Cell 1. 

The data in Tables I11 and IV are plotted in Fig. 1. The tables and 
figure show that the values of Cell 1 agree with Obata's value rather than 
with Vosburgh's from 17 to 30'. When the monohydrated cadmium chlo- 
ride is the solid phase they agree well with the values given by Vosburgh for 
his cell when in a similar condition. The cadmium chloride in Vosburgh's 
cell must have been in some unknown metastable state before his tem- 
perature coefficient determination. This would account for the transi- 
tion point being at  26' instead of a t  34'. An attempt to duplicate Vos- 
burgh's cells as they were before carrying above the transition point was 
not successful. 

Of the cells of the type of Cell 3, Cells 3C, 3D, 3F, 3G and 3H gave the 
best results. Table V gives the electromotive forces of these cells a t  
different temperatures, together with the values calculated from Gerke's 
value5 with his temperature coefficient. The line marked "Calcd. I" 
gives the values calculated by subtracting the value of Cell 1 from the 
corresponding value of Cell 2. The line marked "Calcd. 11'' gives the 
values calculated in the same way from the same cells with monohydrated 
cadmium chloride as the solid phase. 

ELECTROMOTIVE FORCE OF CELL 3 AT DIFFERENT TEMPERATURES 

Temp., OC. 20 25 30 35 40 
Cells 3C, 3D, v. 0.53006 0.53030 0.53097 0.53144 0.53206 
Cells 3F, 3G, 3H, v. .52905 .52971 .53037 .53114 ,53182 
Gerke, v. .5293 ,5299 .5306 ,5312 .5318 
Calcd. I, v. .52923 .52989 .53062 .... . . . . 
Calcd. 11, v. . . . . .52990 .53070 .53142 .53217 

Summary 
The following cells have been set up and their electromotive forces and 

temperature coefficients measured. 
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Cd(Hg) I CdC1~2.5HzO (sat.) 1 CdC12.2.5HzO (sat.), PbClz I Pb(Hg) (1) 
Cd(Hg) j CdCI2-2.5Hz0 (sat.) I CdCl2.2.5H20 (sat.), Hg~C12 I Hg (2) 
Pb(Hg) I PbCla (sat.) I PbClz (sat.), HgzCb I Hg (3) 

When hemipentahydrated cadmium chloride was the solid salt in equi- 
Iibrium with the electrolyte in Cell 1, the values were in good agreement 
with the values found by Obata. When monohydrated cadmium chloride 
was the solid salt in equilibrium (or metastable equilibrium) with the 
electrolyte, the values were in good agreement with those found by Vos- 
burgh when his cells had the monohydrate as the solid phase. 

A value only slightly lower than that of Lipscomb and Hulett was found 
for Cell 2. 

From the values for Cells 1 and 2 a value for Cell 3 was calculated 
which agreed with the observed values for Cell 3 and with Gerke's values 
for this cell. Of the three this cell was the most difficult to reproduce. 

DLTRHAM, NORTH CAROLINA 
- 

[CONTRIBUTION FROM THE FRICK CHEMICAI, LABORATORY, PRINCETON UNIVERSITY] 

KINETICS OF THE ACETYLENE-OXYGEN REACTION 

Although of extraordinary technical and general interest, the problem of 
the mechanism of hydrocarbon combustion has yielded very little exact, 
reproducible information despite numerous investigations, principally 
owing to the complexity of the process and the consequent possibility of 
considerable variation in the course of reaction with changing conditions. 
However, the results of more recent experimental work on the slow oxida- 
tions of gaseous hydrocarbons have led several workers to postulate a chain 
mechanism.' Thus, i t  was found that in vessels packed with pieces of the 
same material as that of the containing walls, the reaction velocity is 
slower and the products are, in general, somewhat different. An even more 
direct evidence in favor of this hypothesis has been obtained by Spence and 
T a y l ~ r , ~  who showed that small amounts of ozone introduced into a stream 
of slowly reacting oxygen and ethylene accelerate the rate of reaction be- 
tween the latter. In the few cases that have been studied, the reaction 
kinetics appear to be somewhat unusual and favor the assumption of a 
chain mechanism. Thompson and Hinshelwoodl observed that  the ve- 
locity of the ethylene-oxygen reaction is proportional to  a high power of 
ethylene concentration and is almost independent of oxygen. Very similar 

Pease, THIS JOURNAL, 51, 1839 (1929) ; Pope, Dykstra and Edgar, ibid., 51, 
2203, 2213 (1929); Thompson and Hinshelwood, PIOC. Roy. SOC. (London), 125A, 
277 (1929); Kistiakowsky and Lenher, Nature, 124, 761 (1929); THIS JOURNAL, 

52,3785 (1930). 
2 Spence and Taylor, ibid., 52,2399 (1930). 
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observations have been made with a~etylene,~ hydr~gen ,~  higher aliphatic 
hydrocarbons,5 and ben~ene.~ Hence, it appears that many gaseous hy- 
drocarbon oxidation reactions have common properties and therefore any- 
thing which is found true for one of them may very probably apply to other 
hydrocarbons with little modification. 

Since the complexity of the oxidation reaction undoubtedly increases 
with the size of the hydrocarbon molecule, the authors decided to study the 
oxidation of that one having the smallest number of atoms, namely, acety- 
lene, which reacts with oxygen a t  moderate temperatures and thus makes 
the isolation of unstable intermediary products more probable. Those who 
have studied this reaction previously employed two methods of attack. 
Bone and Andrew3 enclosed various mixtures of oxygen and acetylene at 
known total pressures in glass bulbs, raised the bulbs to given temperatures 
for a certain time, then noted the pressure change after cooling to room 
temperature and finally analyzed samples of the gases. The principal 
gaseous product was carbon monoxide. In a second series of experiments 
they employed a flow system, but in this case their reaction vessel was 
packed with broken porcelain and the gaseous product contained a much 
larger percentage of carbon dioxide. The work of Kistiakowsky and 
Lenherl on flowing mixtures of acetylene and oxygen showed that Bone and 
Andrew's bulb reactions were of the homogeneous kind, while the packed 
tube reactions giving a larger proportion of carbon dioxide were princi- 
pally of the wall variety. The authors decided to use a circulating system 
for their experiments because it combines the advantages of the previous 
static and flow methods. In the apparatus finally adopted, gases could 
be admitted in any given amounts up to atmospheric pressure, could be 
circulated through the furnace a t  a given rate and the total pressure in the 
apparatus noted at  intervals. A U-tube cooled in carbon dioxide and ether 
removed all condensible products immediately on leaving the furnace and 
these could be analyzed after the experiment, together with a sample of 
the gaseous products. 

Circulating Pump.-Mixtures of acetylene and oxygen are extremely 
sensitive and will explode with great violence on the slightest provocation. 
A circulating pump necessitates considerable friction, particularly in 
valves, with the consequent possibility of electrical discharges. In the 
first apparatus the circulating pump was equipped with mercury non- 
return valves but these would detonate the gas mixture without warning 
after working satisfactorily for as many as six experiments. Then an all- 
glass valve was evolved, similar in design to that shown in Fig. 1. A 

Kistiakowsky and Lenher, Ref. 1;  Bone and Andrew, J. Chem. Soc., 87, 1232 
(1905). 

Thompson and Hinshelwood, Proc. Roy.  Sac. (London), 122,615 (1929) 
Lewis, J. Chem. Sac., 58 (1930). 
Fort and Hinshelwood, Proc. Roy. Sac. (London), 127A, 218 (1930). 
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flexible glass plate, no more than 0.002 in. thick was held against the flat, 
ground end of a capillary tube by a fine glass rod sealed into a side tube. 
A non-return valve of this type is efficient, sturdy and simple to make. 
However, despite the fact that practically all mechanical friction had 
been eliminated, explosions still resulted. Here the source of the trouble 
seemed to be the "Armstrong effect" of dry gases streaming from a narrow 
jet, giving an electrical charge to the jet which eventually discharged to 
the glass plate, the latter having meanwhile taken the opposite charge 
from the gases. In the design eventually adopted, and which proved to  
be quite successful (Fig. I), the tip of the capillary jet was coated with 
a mirror of platinum and the glass plate replaced by a thin plate of beaten 
platinum foil welded to a tungsten wire sealed into the side tube. The 
end of the tungsten wire was connected to earth and all possibility of an 
accumulation of electrical charge 
removed. While not so efficient 
as the glass or mercury valves the 
new type allowed of a reasonable 
rate of pumping, which was all 
that was required. Attempts 
were made to localize explosions ro EARTH 

in order to prevent complete de- 
struction of the apparatus which 
inevitably ensued when all the gas 
mixture was detonated. Tubes Fig. 1.-Circulating pump and valve. 

containing fairly tight wads of cotton wool placed at either end of the cir- 
culating pump proved to be very efficient and while they were in use no 
explosion spread beyond the valves of the circulating pump. Fig. 1 
iIlustrates the arrangement of the circulating pump. Four valves were 
connected to the steel pump barrel by two glass tubes longer than a baro- 
metric column. These columns were filled with mercury which could be 
given an oscillating motion by movement of the piston in the steel cylin- 
der. A packing composed of a mixture of stopcock grease, asbestos pulp 
and graphite, enclosed in the piston gland, effectively prevented any leak- 
age of mercury, while cheesecloth filters placed at  the foot of the mercury 
columns helped to keep the mercury free from grease contamination. 

Main Apparatus.-By far the larger part of the total gas enclosed 
in the apparatus was contained in two glass bulbs, each of 200 cc. capacity, 
placed next to the pump. A large very stout wooden cover surrounded 
the bulbs, which were connected to the cotton wool safety tubes on either 
end of the pump. The gases could be circulated around the pump and 
bulbs to ensure thorough mixing, then admitted to the furnace circuit 
which had previously been evacuated. The furnace consisted of a pyrex 
glass tube of 98 cc. capacity into which was sealed a tube containing a 
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thermocouple. Immediately on leaving the furnace, the gases passed 
into a U-tube cooled in a carbon dioxide-ether mixture and which was 
connected to the apparatus by two ground-glass joints sealed with piceine 
wax. To ensure uniformity of conditions before and after the reaction, 
another U-tube cooled in carbon dioxide-ether mixture was placed im- 
mediately before the furnace, while the pressure of the gases entering this 
U-tube was measured on a mercury manometer having a barometer at- 
tached to the same scale. 

Purification of the Gases.-Oxygen from a tank was dried in a sulfuric 
acid wash bottle, then passed into a storage bulb via a U-tube immersed 
in a solid carbon dioxide-ether mixture. Acetylene, obtained from a small 
Prestolite tank, was bubbled through water, a mixture of cupric and ferric 
chloride solutions, caustic potash and finally passed over calcium chloride 
into a vessel cooled in liquid air, where it condensed to a white solid. In- 
ert gases were removed by evacuation, the solid was distilled from a carbon 
dioxide-ether bath and the middle fraction collected in a storage bulb. 
After further solidification and evacuation, the acetylene was again allowed 
to evaporate into the bulb, where it was ready for use. 

Calibration of the Apparatus.-The volume of the apparatus and its 
parts was determined by admitting gas at  known pressure and volume into 
the evacuated apparatus and reading the pressure. 

Volume of circulating pump and capacity bulbs 550 cc. 
Volume of furnace (cold) 98 cc. 
Volume of U-tubes, etc. 26 cc. 

Total volume 674 cc. 

In  order to know the time of contact of the gases with the furnace a t  the 
various pressures studied, the U-tube was replaced by two 500-cc. bulbs 
connected by a stout, wide bore, rubber tubing, containing a strong solu- 
tion of calcium chloride. The time necessary to transfer 500 cc. of liquid 
(the levels of the solution in the two bulbs being kept the same) was noted 
over a large range of pressures and pumping rates and the results were 
plotted so that the contact period for any given conditions could easily 
be read off. 

Experimental Method.-Before beginning an experiment, the furnace 
was adjusted to the required temperature, the U-tubes surrounded with 
carbon dioxide-ether mixtures, and the whole apparatus evacuated. After 
having shut off the furnace section from the rest of the apparatus, definite 
amounts of acetylene and oxygen, measured on the manometer, were ad- 
mitted and circulated for about five minutes to ensure good mixing of the 
two gases. At this point the necesary stopcocks were turned, bringing 
the furnace into the circulating system and closing the by-pass. Readings 
of manometer, barometer, temperature and pumping rate were taken im- 
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mediately and a t  given intervals thereafter until the experiment was 
finished. Upon completion of an experiment, the furnace was again shut 
off, evacuated, and a sample collected from the remaining gas by a mercury 
pipet in which i t  was retained for analysis. 

Analysis of the Products.-At the end of an experiment, the U-tube 
contained a mixture of polymerized glyoxal, formaldehyde, formic acid 
and water. These were washed out with hot water, in which the poly- 
glyoxal dissolves, a hot solution of the hydrochloride of p-nitrophenyl- 
hydrazine added and the mixture filtered through a tared Gooch crucible. 
After drying and weighing, the cru- 150 
cible was placed in a Soxhlet appa- 
ratus and extracted with chloro- 
form. This treatment removed the 125 
p-nitrophenylhydrazone of form- 
aldehyde and left the p-nitro- 
phenylosazone of glyoxal behind. 100 

4 final drying and weighing gave 8' 
the weight of formaldehyde and 
glyoxal. T h e  p-nitrophenyl- ; '5 
osazone of glyoxal crystallizes from ;J 
pyridine in long red needles, m. p. 
3 1 8 O .  Anal. Calcd. for C14H12- 50 

04N6: C, 51.2, H, 3.7. Found: 
C, 51.35, H. 3.9. In  an identical 25 

experiment, the condensate was , 

made up to 10 cc. and two 5-cc. 
portions were titrated with N/100 
baryta solution, using brom cresol 0 1 2 3 4 

purple as indicator. This gave the Hours. 
amount of formic acid present. Fig. 2 - -  curve for a mixture of 
The gas collected over mercury approx 400 mm C2H2 and 100 mm ( 1 2  at  

320°, reaction carried to completion 
was analyzed for acetylene (by 
fuming sulfuric acid), carbon dioxide, oxygen, carbon monoxide and hydro- 
gen (over heated copper oxide). From these figures, a balance of carbon, 
before and after the reaction, could be made. 

Experimental Part 

Figure 2 represents a typical experiment which has been carried to  com- 
pletion and shows the general form of the pressure-time curve. The ex- 
ample shown, however, was not obtained with an apparatus identical with 
that used in the principal experiments. The results of all the experiments 
quoted below were plotted in a similar manner and dx/dt, the initial rate 
of reaction in mm. per minute, obtained by direct measurement. 
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The Induction Period.-To ascertain the effect of varying rates of 
pumping on the reaction velocity, series of mixtures of constant composi- 
tion were circulated at different rates and the reaction velocity determined. 

Contact time, 
No. CzHz, mm. On, mm. sec. d x / d t  

32 175.7 192.6 50 0.56 
33 173.7 191.3 12 .34 
34 173.6 192.6 18 .44 
35 173.4 191.4 37 .56 

We see that for contact periods greater than about twenty-five seconds, the 
rate is independent of the pumping Speed. The rapid falling off in reaction 
rate with higher pumping speeds must be due to the existence of an induc- 
tion period. 

Temperature Coefficient.-Measurements of rates of reaction of 
given mixtures at  different temperatures are given in Table 11. In all 

succeeding experiments the rate of 
pumping was arranged so as to give 
a constant contact period of about 
forty seconds. 

In Fig. 3 are plotted the loga- 
rithms of the reaction velocity 
against the reciprocal of absolute 
temperature. Within the narrow 
temperature interval investigated, 
the experimental points lie on 
straight lines and the slope is inde- 
pendent of the composition of the 
gas mixture, but it is realized that 
more extended experiments may 
show a deviation from these re- 

0.00176 0 00172 0.00168 sults. From the observed tempera- 
1 / T .  ture coefficient, the activation en- 

Fig. 3.-Logarithm of rate of reaction ergy of the reaction is calculated 
plotted against I / T , ~ ~  for two different mix- to be 34,700 cal. a t  320'. 
tures. Influence of Acetylene and 
Oxygen Concentrations.-Table 111 gives the initial concentrations of 
acetylene and oxygen, the pressure decrease at  five-minute intervals and 
the initial rate as measured from each curve. The meaning of KO is ex- 
plained below. All experiments were carried out a t  320' with a contact 
period of forty seconds. 

Plotting rate against oxygen concentration, we obtain the four curves 
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CzHz, 01, 
No. mm. mm. T, 'C 5 min. 10 ?! 20 25 30 dz/dl 

2 346.7 86.3 297.0 3 .1  6.3 9.4 12.2 1 5 0  17.7 0.64 
1 3466 86.9 313.5 7 .1  14.8 22.5 69.3 3 6 3  42.8 1 5  
4 347.9 86.9 320.0 10.1 19.8 29.6 39.4 47.2 54.5 2 .0  

3 173.8 86.3 297.0 1.1 2 0 2.9 3.6 4.4 5.2 0.22 
5 173.7 87.2 320.0 3.4 6.9 9.9 12.7 15.3 18 0 0.72 

EXPERIMENTS AT 320 O 

C2H2, 01, A$ 
No. mm. mm. 5 min. 10 15 20 25 30 d x / d t  KO 

43 61.2 20.6 0.3 0.5 0.9 1.2 1.6 1.9 0.06 1.35 
38 70.4 45.9 . 5  1 .1  1.7 2.2 2.8 3.3 .11 2.21 
41 70.6 74.9 .5  1.0 1.6 2 .3  2.6 3.1 .10 2.12 
42 60.6 88.1 .3  0.7 1.1 1.6 2.1 2.6 .07 2.32 
40 61.1 173.9 .2  .5  0.8 1.2 1.5 1.7 .05 2.12 
1 f; 174 6 8 .5 2 5 4 2 5 . 8  6.6 7.1 7.4 .48 2.26 
18 173.4 17.6 2.4 4.6 6.7 8.6 10.4 11.8 .50 1.68 
20 176.7 26.5 2.3 5.1 8 .1  11.0 13.5 15.6 .54 1.63 
22 175.8 43.5 2.8 6.6 9.8 12.8 16.8 20.0 .64 1.93 
30 173.2 70.3 3.3 6 .5  9.7 12.7 16.0 19.3 .64 2.09 
5 173.7 87.2 3.4 6.9 9.9 12.7 15.3 18.0 .72 2.34 

26 172.7 87.3 3.3 6 .5  9.4 12.6 14.7 17.0 .66 2.24 
35 173.4 191.4 2.4 5.6 8 .5  11.4 13.7 16.2 .56 2.15 
32 175.7 192.6 2 .5  5.6 8 . 3  11.1 13.5 16.1 .56 2.10 
28 176.2 264.1 2.7 5.4 7.9 10.6 12.8 15.3 .53 2.15 
29 175.4 303.5 2 . 4  4.9 7.2 9.4 11.6 14.1 .48 2.05 
44 172.1 348.1 . .  3.9 .. 7.8 . .  11.5 .40 1.85 
25 173.4 350.1 2.2 4.2 6.4 8.3 10.3 12.2 .44 1.99 

10 262.8 1 .1  0.3 0.6 0.8 1.0 1.2 1.2 .05 2.88 
9 262.3 8.5 2.8 5.1 6.9 8.1 8.9 9.2 .60 2.28 
8 262.6 19.2 3 .6  7.2 10.5 12.8 14.9 16.2 .78 1.38 
6 260.3 26.5 4.3 9 .1  13.3 16.5 19.4 22.0 1.00 1.56 

11 259.5 90.1 5.2 10.6 16.2 21.3 27.0 33.0 1.08 1.54 
12 260.8 175.0 5.3 ,10.9 17.1 21.9 29.3 32.9 1.16 1.80 

16 345.5 9 .5  3.2 5.6 7.4 8.5 9.4 9.8 0.66 1.92 
17 347.5 17.4 5.9 10.9 14.3 16.5 18.2 19.2 1.34 1.91 
19 348.0 26.8 5 .5  11.5 15.6 18.9 21.9 23.5 1.28 1.32 
21 346.3 44.7 8 .5  16.7 24.5 30.6 35.4 37.9 1.72 1.48 
23 350.8 72.6 7.5 18.0 27.0 34.8 41.8 46.8 1.80 1.43 
4 347.9 86.9 10.1 19.8 29.6 39.4 47.2 54.5 2.00 1.61 

36 357.0 129.0 . . 20.5 . . 40.0 . . 58.4 2.04 1.58 
37 329.0 13.10 . . 18.9 . . 36.2 . . 52.4 1.86 1.70 

shown in Fig. 4. In each case, increase in the oxygen concentration from 
zero causes an increase in the rate of reaction, until a region is reached 
where the rate is practically independent of oxygen. Further increase 
in oxygen concentration somewhat retards the rate of reaction, as illus- 
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trated by the negative slope of the latter half of the curves. The experi- 
ments indicate that the maximum rate is obtained with mixtures of ap- 
proximately constant composition irrespective of total pressure. In 
these optimum mixtures the rate is very nearly proportional to the square 

Fig. 4.-Oxygen concentration (for fixed acetylene concentra- 
tion) plotted against rate of reaction (dxldt); temp., 320'. 

of acetylene concentration, as is shown by Table IV, while a t  relatively 
low oxygen concentrations the rate is proportional to the first or even 
lower power of acetylene. 

TABLE IV 
DEPENDENCE ON ACETYLENE 

CaHt, mm. 02, mm. CzHz/Oz Max. dz/dt CzHaZ/dx/dt 

60.0 45.0 1.33 0.09 4.0 
175.0 110.0 1.60 0.68 4.4 
260.0 180.0 1.44 1.16 5.9 
345.0 >230.0 <1.50 >2.10 <5 .9  

Influence of Nitrogen.-To investigate a possible effect of inert gases 
an experiment was performed with a large amount of nitrogen present. 
As appears from Table V, nitrogen has a slight retarding effect which is, 
however, even less pronounced than that of oxygen when the latter is 
present in excess. 



TABLE V 
INFLUENCE ON INERT GASES 

Nt, C%Ht, Oa, 
No. mm. mm. mm. 5 min. 10 20 25 30 dz/dt 

30 173.2 70.3 3 .3  6 .5  9 . 7  12.7 16.0 19.3 0.64 
31 275.0 175.4 08.6 3 .0  5.6 8 . 4  11.2 13.7 16.2 .56 
44 173.3 348.1 . . .  3 . 9  ... 7.8 . .  11.5 .40 

Products of the Reaction.-Table VI gives typical results of an analy- 
sis of the reaction products. Several sets of such determinations have 
been carried out on different reacting mixtures but. owing probably to 
uncertainties of the analysis, no systematic variations in the composition 
of the products could be detected. 

Expt. No. 36; C2H2, 357.0 mm.; Oz, 129.0 mm.; dx/dt, 2.04; time, 1 hour 
Gm. atoms C X 10' 

Product Amount G. atoms C X 10s at beginning 
r, 77 n n n o o w  - 
c-znnwa V . U L I A I  6. 0.783 
HCHO ,0163 g. ,545 
HCOOH ,0173 g. ,376 
CaH, 75.03% 19.180 23.960 
CCh 1.43 0.182 
0 2  7.71 
H2 . . . . .  
CO 21.90 2.798 
Totals 23.864 23.960 

The iodine test gave no indication of the presence of a per-acid in the 
condensate. 

Discussion of Results 
The experiments here presented show that oxidation of acetylene can 

proceed at a perfectly reproducible rate and has well-defined kinetics. The 
reaction would, therefore, seem to lend itself readily to kinetic treatment. 
However, any theory of the reaction mechanism would have to account 
not only for the dependence of the rate-as measured by the manometer- 
on the concentrations of the reactants, but also for such things as the pres- 
ence of an induction period and the fate of the intermediate products. It 
is in the attempt to bring all these phenomena together in one theory that 
the chief difficulty is encountered. 

It seems fairly certain that the induction period is an inherent part of 
the reaction and is not due to impurities. Thus, Kistiakowsky and Len- 
her, working with a different method and using considerably less purified 
gases than in the present work, observed that the lower the temperature 
at  which the reaction proceeded, the longer was the induction period. 
Using contact times of fifty to two hundred seconds, they failed to notice 
an induction period at 313O-the highest temperature then studied. This 
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present research, however, shows that an induction period is present even 
a t  320' but is of much shorter duration. The two sets of experiments 
agree well together and indicate that the length of the induction period 
is roughly, at least, inversely proportional to the rate of reaction. These 
facts, together with the character of the present experimental method-a 
continuous circulation of the gases with removal of condensible products- 
make it most probable that the induction period is caused by a gradual 
accumulation of some condensible substance which is necessary for the 
oxidation of acetylene to acquire its full rate. Since the induction period 
is of considerable duration, this catalytic substance must possess some 
degree of stability a t  the temperatures employed and it thus becomes very 
probable that it can be identified as one or all of the three condensible 
intermediate products described above: glyoxal, formaldehyde or formic 
acid. Although a definite proof of this conclusion is still lacking, some 
evidence can be brought forward to show that formaldehyde at  least must 
take an active part in the acetylene reaction. According to the theory of 
Bone3 formaldehyde is not a by-product but one of the main stages in the 
oxidation of acetylene, which seems most plausible to the present writers. 
Furthermore, the experiments of Askey7 show that mixtures of pure for- 
maldehyde and oxygen are quite stable at  320°, the time of half reaction 
being of the order of one hour. Thus with a contact time of less than a 
minute, one should expect to find all the reacted acetylene in the form of for- 
maldehyde. Instead, it is found that the major part of the formaldehyde is 
oxidized further into formic acid, carbon monoxide and water, its stationary 
concentration in the reacting mixture being attained in less than a minute 
a t  310' according to experiments of Kistiakowsky and Lenher.l This 
means that in presence of acetylene, formaldehyde is oxidized some hun- 
dred times faster than when alone. Owing to lack of experimental data, 
no similar comparison can be made in the case of glyoxal and formic acid. 

The induction period and the behavior of formaldehyde lend additional 
evidence in favor of a chain mechanism of acetylene oxidation. There is 
a large series of possible mechanisms for this reaction. The simplest, 
which does not involve any unidentified intermediate products 

CzHz f 0 2  --+ C2H202 
CzHzOz ---t CO + HCHO 

HCHO + 0 2  + COz + Hz0 

must, however, be neglected, since it accounts neither for the observed 
dependence of the rate on the reactant concentration, nor for the induction 
period, the oxidation of formaldehdye, nor the presence of chains. Several 
other schemes involving the least possible number of intermediate reac- 
tants were tried and it was found that mechanisms involving, in addition 
to the substances actually isolated, a compound of the per-acid or per- 

Askey, THIS JOURNAL, 52,974 (1930). 
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oxide type such as have been identified in many other oxidations, led to 
kinetic equations which could be made to reproduce the general trend of 
the experimental results. Schemes involving oxygen atoms were, in gen- 
eral, unsatisfactory. The equations derived from the per-acid theory, 
however, necessitated the assumption of chains sufficiently long that 
the primary reaction between acetylene and oxygen became insignificant 
in the total balance of reaction-in agreement with the observed retarding 
effect of the walls. On the other hand, assuming that each molecule of 
formaldehyde or glyoxal causes the oxidation of only one or two acety- 
lene molecules, it can be calculated-from the amounts of the intermediary 
products recovered in the trap-that the chain length, i. e., the number 
of acetylene molecules oxidized as the result of one primary reaction, does 
not exceed three to six. To reconcile these conclusions is difficult and i t  
seemed to the writers that, until more experimental data are accumulated, 
an attempt to set up a detailed theory of the reaction mechanism would 
be premature. The constant KO of Table I11 was calculated therefore 
with the aid of an empirical equation 

which represents the observations reasonably well. 

One of the authors (R. S.) wishes to express his indebtedness to the 
Commonwealth Fund for a Fellowship which enabled him to take part 
in this research. 

Summary 

1. The slow oxidation of acetylene has been studied by a circulation 
method allowing the isolation of more stable intermediate compounds. 

2. I t  is found that these latter consist of glyoxal, formaldehyde and 
formic acid. 

3. The rate of reaction is accelerated by oxygen when acetylene is 
in excess but is slightly retarded by it when present in excess. 

4. At the optimum oxygen concentration the rate is proportional 
to the square of the acetylene concentration, while when less oxygen is 
present it is proportional to a lower power of acetylene. 

5. Nitrogen has a very slight retarding influence on the rate. 
6. The reaction exhibits an induction period which is due to gradual 

accumulation of an intermediary product taking part in the chain. 
7. It is pointed out that in the presence of reacting acetylene, formalde- 

hyde reacts with oxygen many times faster than when alone. 
8. The bearing of these observations on the reaction mechanism is 

discussed. 



4848 GREGORY PAUL BAXTER AND ALLEN DOUGLASS BLISS VO~. 52 

THE ATOMIC WEIGHT OF URANIUM LEAD FROM SWEDISH 
KOLM 

BY GREGORY PAUL BAXTER AND ALLEN DOUGLASS BLISS 

RECEIVED OCTOBER 9, 1930 PUBLISHED DECEMBER 18, 1930 

In  connection with the work of the Committee of the National Research 
Council on the Measurement of Geologic Time by Atomic Disintegration, 
the determination of the uranium-lead ratio in the ash of Swedish kolml 
has recently been completed. Thorium could not be detected. Since 
the accuracy of the age estimation is vitally dependent on the freedom 
of the material from lead of non-radioactive origin, the atomic weight of 
this lead has been compared with that of ordinary lead. 

The ash of the kolm constitutes from 20 to 40% of the original, and con- 
tains a few hundredths of a per cent. of lead. In the extraction process 
outlined below the lead recovered amounted to 0.03% of the ash and 
0.01% of the original kolm. 

After various exploratory experiments the procedure finally adopted 
for treating the 50 odd kilograms of kolm was as follows. The material 
was burned in portions in electrically heated muffles of fused quartz. 
Practically all of the combustible portion was removed in this way. The 
almost insoluble ash, which yielded little lead to aqueous reagents except 
hvdrofluoric acid, was then heated to redness in a current of dry hydro- 
gen chloride. Almost no lead chloride distilled during this treatment but 
the solution obtained by digesting the residue with hot water was found 
to contain the greater part of the lead, for the insoluble residue, when 
tested spectroscopically in an arc of pure graphite, was found to be nearly 
lead free. The lead was separated from the solution by double precipi- 
tation as the sulfide in ammonium acetate solution, and then was pre- 
cipitated once as chromate. The total yield of lead chromate from the 
fifty kilograms of kolm was 7.2 g., equivalent to 4.6 g. of metal. 

The outline of the further purification of this material was as follows: 
(1) conversion of the chromate to chloride by evaporation with hydro- 
chloric acid; (2) conversion of chloride to nitrate by evaporation with 
nitric acid; (3) three crystallizations of the nitrate, once from concen- 
trated nitric acid, twice from water; (4) conversion of the nitrate to 
chloride by repeated evaporation with an excess of hydrochloric acid; 
(5) recrystallization of the chloride, once in glass and twice in platinum; 

A shale-like material reported to be an upper Cambrian sedimentary with trilo- 
bites. For further details and references as to the lead-uranium ratio, age, etc., see 
the reports of the Committee on the Measurement of Geological Time by Atomic Dis- 
integration to the Division of Geology and Geography of the National Research Council. 
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(6) distillation of the chloride in a current of dry hydrogen chloride in a 
quartz tube. The product was used in Analysis K2 

A second sample was obtained from the combined mother liquors of 
the nitrate and chloride crystallizations by evaporation with hydrochloric 
acid, and was crystallized twice in glass and three times in platinum. 
After distillation in hydrogen chloride the product was used in Analysis K1. 

As soon as the first two analyses had been completed, the resulting 
lead nitrate solution was evaporated, freed from silver with a small amount 
of hydrochloric acid, and subjected to a new purification consisting of 
three crystallizations of the nitrate from nitric acid and four of the chloride 
from water, once in quartz and three times in platinum (Analysis K3). 
From the chloride mother liquors of K3 a fourth, less pure, sample was 
prepared by one crystallization of the chloride in glass and one in quartz 
(Analysis K4). 

All of the material was again combined and purified, this time by five 
crystallizations of the nitrate from nitric acid and five of the chloride 
from water, once in quartz and four times in platinum (Analysis K5). 

Analysis K6 was carried out with the same material after six crystalliza- 
tions of the nitrate, and six of the chloride, one of the latter being con- 

' 

ducted in quartz and five in platinum. 
Common lead chloride2 for comparison was prepared by three crystal- 

lizations as lead nitrate, and three as lead chloride. The latter was then 
distilled once in a current of hydrogen chloride as described above. 

To prepare the lead chloride for weighing i t  was fused, while contained 
in a weighed quartz boat in a quartz bottling apparatus, in a current of 
dry hydrogen chloride, and allowed to solidify in an atmosphere of pure 
dry nitrogen. After displacement of the nitrogen by dry air, the boat 
was transferred to the weighing bottle and reweighed. Solution in hot 
water was followed by precipitation with a weighed, very nearly equiva- 
lent amount of the purest ~ i l v e r , ~  and the end-point of the precipitation 
was determined nephelometrically in the usual way. Final observations 
of the end-point were taken only after a period of from three to  five weeks. 

Purification of reagents followed conventional lincs. Especial pains 
were taken during the extraction of the lead from the kolm that all re- 
agents should be lead-free. 

Weighings were made by substitution, a counterpoise being employed 
with the weighing bottle containing the boat. Vacuum corrections of 
+0.000058 and -0.000031 gram were applied to each gram of lead chloride 
and siker, respectively. 

From Coeur d'Alene lead-silver ores. 
a The silver used in all analyses except K3 and K4 was purified by Professor S. 

Ishimaru [THIS JOURNAL, 51, 1729 (1929)l. In Analyses K3 and K4 material was used 
prepared in the same way for this work with the assistance of Mr. J. P. Marble. 
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Ag = 107.880 Cl - 35.457 
wt.  of PbClz Wt. of Ag Ag added or Corrected At. wt. 
in vacuum, in vacuum, subtracted, wt: of Ag, Ratio of 

g. g. g. g. PbC1z:ZAg lead 

C1 2.74332 2.12809 0.00000 2.12809 1.28910 207.222 
C2 3.60741 2.79852 . 00000 2.79852 1.28904 207.209 
C3 3.07537 2.38552 + .00013 2.38565 1.28911 207.224 
C4 2.81471 2.18360 - .00009 2.18351 1.28908 207.218 

Average 1.28909 207.218 

K1 1.61294 1.25431 + .00247 1.25678 1.28339 
K2 1.60407 1.24958 + .00025 1.24983 1.28343 
K3 2.56499 1.99848 - .00006 1.99842 1.28351 
K4 1.83748 1.43153 + .00014 1.43167 1.28345 
K5 3.32075 2.58750 - .00021 2.58729 1.28349 
K6 3.07451 2.39535 - .00005 2.39530 1.28356 

Average 1.28347 
Average omitting K1 and K4 1.28350 

The determinations with common lead are consistent and in accord 
with the modern value for the atomic weight of this substance. The 
analytical procedure seems therefore to be satisfactory. 

The atomic weight of the kolm lead seems to be close to 206.01 whether 
or not the two analyses with possibly less pure material, K1 and K4, are 
omitted. This value is surprisingly low, for the lowest value previously 
obtained, by Honigschmid and Horowitz, is 206.046, for lead from Moro- 
goro pitchblende. Since Aston has found the lead isotopes to be integral 
with the mercury isotopes, and since these, making allowances for the 
presence of 018, possess integral values on the basis of ordinary oxygen, 
the kolm lead seems to be composed almost exclusively of the isotope 
Pb206. Compensation between isotopes of mass above and below 206 
is unlikely, for there is no certain evidence of the existence of lead isotopes 
below 206. 

The low value for the kolm lead excludes the possi'bility of serious con- 
tamination with common lead, which consists largely of the isotopes 
Pb207 and Pb208, and is in accord with the fact that thorium has not been 
detected in the kolm ash. If the small excess in the atomic weight of the 
kolm lead over 206 is due to the isotope Pb207, the proportion of this com- 
ponent is not far from 1%. Aston has found this isotope to be more than 
one-tenth as abundant as Pb206 in uranium lead from broggerite. If 
Pb207 is the end product of the actinium series, on the basis of Aston's 
result an atomic weight not less than 206.1 is to be expected for uranium 
lead unless the broggerite lead was badly contaminated with ordinary 
lead. 

If actinium is not a direct product of the disintegration of UZ3*, but of 
an isotope, it may be that the organic process which produced the kolm 
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exerted a selective action upon uranium isotopes, which resulted in the 
concentration of the isotope of mass 238. Examination of the uranium 
contained in the kolm might throw some light upon this question. This 
we propose to do. 

CAMBRIDGE, MASSACHUSETTS 

THE ATOMIC WEIGHT OF URANINITE LEAD FROM 
WILBERFORCE, ONTARIO, CANADA 

As a check on the age determination of a specimen of uraninite occurring 
in Cardiff township near Wilberforce, Ontario, Canada, by means of the 
uranium-thorium-lead ratio the atomic weight of the lead has been de- 
termined. l 

A selected crystal of 700 g. was broken up with a clean hammer and 
anvil and the fragments crushed in a carefully cleaned jaw crusher. The 
product was then coarsely ground in a Quaker grinding mill. This mill 
had been previously cleaned by passing through it a considerable quan- 
tity of marble. The marble powder was found to be free from detectable 
quantity of lead. 

About 300 g. of the powdered uraninite was boiled with concentrated 
nitric acid, and the residue, which later was found to  consist largely of 
fluorspar, was separated and washed by decantation. From the solution 
the lead was precipitated by adding an excess of sulfuric acid and the pre- 
cipitate was washed by decantation. The lead sulfate was metathesized to 
the carbonate by repeated treatment with hot sodium carbonate solution, 
and after the lead carbonate had been washed by decantation i t  was dis- 
solved in nitric acid and freed from a small amount of insoluble material. 

The original insoluble residue was further boiled first with nitric acid, 
and again after the addition of sulfuric acid, and the whole was evaporated 
to the fuming point of sulfuric acid. After being washed with water the 
residue was extracted with hot ammonium acetate solution, and the 
lead was precipitated as chromate. This in turn was washed and con- 
verted to sulfate by treatment with nitric and sulfuric acids. Conver- 
sion to nitrate was accomplished as in the case of the main portion and 
the two portions were then combined. 

For a description of geologic occurrence and analyses, by Ellsworth, Todd. 
Spence and Carnochan, see Exhibit A, appended to the mimeographed report of the 
Committee on the Measurement of Geological Time by Atomic Disintegration to  the 
division of Geology and Geography of the National Research Council, May 3, 1900. 
Also Trans. Can. Inst. Min. and Met., 2 (1930); Amer. Mineralogist, (Oct., 1930). 
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Since the glass dishes employed were obviously etched, owing to libera- 
tion of hydrofluoric acid from the fluorspar, in order to discover whether 
lead had been introduced from the dishes, they were separately heated 
with hydrofluoric acid solution, and the extract after evaporation was 
tested for lead. Since the total quantity of lead chromate recovered by 
treatment of three watch glasses, a beaker, flask and two porcelain evap- 
orating dishes was only 0.0022 g., no serious contamination with common 
lead could have occurred during the treatment of the uraninite with acid. 

The combined lead nitrate solution was evaporated to dryness to expel 
the excess of acid and then was recrystallized four times by solution in 
water and precipitation with a large quantity of concentrated nitric acid. 
The earlier experience of Baxter and Grover2 showed that this treatment 
is adequate for removal of foreign metals. Solution of the nitrate in 
water was then followed by filtration through a platinum sponge crucible 
into a quartz dish. A considerable excess of hydrochloric acid was next 
added and the precipitated lead chloride was washed by decantation. 
Finally the chloride was recrystallized from water, once in quartz and three 
times in platinum. 

To remove traces of silica the chloride was dried and sublimed in a 
current of dry hydrogen chloride in a quartz tube. It was prepared for 
weighing by fusion in a weighed quartz boat in a Richards bottling appa- 
ratus. Weighing of the chloride was followed by solution and precipitation 
with a weighed equivalent amount of the purest ~ i l v e r , ~  and the end-point 
of the precipitation was found with the assistance of the nephelometer by 
the addition of small amounts of dilute silver and chloride solutions. 

Only two determinations were made since the original estimate of the 
probable atomic weight of this lead proved to be correct and the concord- 
ance of the two experiments was all that could be desired. Weighings were 
made by substitution and the weights of lead chloride and silver were cor- 
rected to vacuum by applying for each gram the corrections +0.000058 
and - 0.000031 g., respectively. 

= 107.880 Cl = 35.457 
Wt. of PbC12 t]igWt. of Ag Ag added, Corrected wt. of Ratio Atomic wt. 
in vacuum, g. ~n vacuum, g. g. Ag in vacuum, g. PbClz/ZAg of lead 

3.74779 2.91798 +O. 00010 2.91808 1.28433 206.194 
5.63102 4.38431 + .00005 4.38436 1.28434 206.196 

Average 1.28434 206.195 

Wells has analyzed the identical specimen of uraninite from which the 
lead which we have investigated was extracted and finds 53.52% of ura- 

2 Baxter and Grover, T ~ l s  JOURNAL, 37, 1031 (1915). 
8 Purified by Professor Ishimaru for an investigation on the atomic weight of me- 

teoric nickel, ibid. 5121729 (1929). 
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nium, 10.37% of thorium and 0.26% of lead. If one assumes (1) that  our 
material is essentially free from ordinary lead, (2) that the relation of 
Pb206 to  Pb207 found by Aston in broggerite material, 86.8 t o  9.6, is the 
relation in which these isotopes are produced from uranium and (3) that 
the uranium equivalent of thorium in lead-producing power is 0.38, the 
average atomic weight of the lead in this specimen of uraninite may be 
calcdated to be 206.23. The difference between this value and our ex- 
perimental value is far larger than the experimental uncertainty. 

With Wells' percentages and the thorium-uranium constant, 0.38, 
together with the experimental value of the atomic weight of the lead in 
this uraninite, the average atomic weight of uranium lead is found to be 
206.06, while Aston's ratio of Pb206 to Pb207 gives 206.10. On this basis 
the ratio of Pb207 to PbZM would be a little over half as large as that found 
by Aston. 

The assumption of Aston's ratio of Pb207 to Pb2" in uranium lead to- 
gether with Wells' percentages of uranium and thorium and the atomic 
weight of our specimen of uraninite lead makes it possible t o  calculate 
the Th/U constant to be 0.27, a value believed by some to be within the 
bounds of possibility. 

The uncertainty of the assumptions makes the last three calculations of 
doubtful value. 

THE ACTIVITY COEFFICIENT OF COPPER IODATE IN AQUEOUS 
SALT SOLUTIONS 

BY BEN H. PETERSON AND EARL L. MEYERS 

RECEIVED OCTOBER 15, 1930 PUBLISHED DECEMBER 18, 1930 

Bronsted and La Merl have reduced the Debye and Hiickel equation2 

to -log f = 0.505 2122  4% as a limiting law which is valid when the ions 
are separated to such distances that the actual volume occupied by the 
ions is of no effect. Considerable research has been done testing the 
validity of this equation by measuring the activity coefficients of slightly 
soluble compounds in aqueous salt solutions. La Mer and Goldmans 
have determined the activity coefficients of thallous and lanthanum 
iodates, and Lewis and Randall4 have calculated them for barium iodate 
using the data of Harkins and Winningh~ff.~ The slight solubility of 

1 Bronsted and La Mer, THIS JOURNAL, 46, 560-61 (1924). 
Debye and Huckel, Physik. Z., 24,185-342 (1923). 

a La hler and Goldman, THIS JOURNAL, 51,2632-2645 (1929). 
4 Lewis and Randall, "Thermodynamics and the Free Energy of Chemical Sub- 

stances," McGraw-Hi11 Book Co., Inc., New York, 1923, p. 375. 
6 Harkins and Wmninghoff, THIS JOURNAL, 33, 1827 (1911). 
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these salts in pure water (Ba(I03)2, 0.000790; La(I03)3, 0.00089006; and 
T1103, 0.001844 mole per liter), and the accuracy with which the concen- 
tration can be measured render them especially suitable for testing the 
limiting law. In such dilute solutions the activity coefficient of the solute 
may be defined by the relation6 

-log f = log S/So - log fo 

in which S is the solubility of the saturating salt in the salt solution of vary- 
ing concentrations, So the solubility in pure water, and fa the activity 
coefficient in pure water. In such dilute solutions the value of fo as cal- 
culated from the limiting law may be assumed for the purpose of testing 
the equation. In case of most of the solvent salts used by La Mer and 
Goldman3 the curve of the observed values of -log S/So fused into the 
ideal curve but a characteristic "hump" was observed in the case of potas- 
sium sulfate as the solvent salt. The theoretical significance of this positive 
deviation has been discussed by Gronwall, La Mer and Sandved,' and by 
La Mer and M a ~ o n . ~  In as much as the data of La Mer and Goldman3 
are for a mono- and trivalent iodate it seemed advisable to compare these 
deviations with those of a bivalent iodate in order to determine whether 
the "hump" observed by them would be in evidence and the relative 
magnitude of such a positive deviation. 

Experimental 
The salt chosen for this purpose was copper iodate. This was prepared by meta- 

thesis using purified copper sulfate and potassium iodate. Equivalent amounts of 
these salts were placed in solution and added dropwise to  six liters of doubly distilled 
water kept a t  60" and constantly stirred. The addition required about four hours. 
The  precipitate was then washed several times by decantation and placed in six liters 
of doubly distilled water. This was kept a t  60' and stirred by an electrical stirring de- 
vice for several days. The salt so prepared was "sedimented" in a tall cylinder and all 
particles that  did not settle readily were siphoned off. By several repetitions of this 
process it was possible to  obtain a crop of crystals which appeared to be uncontaminated 
with small particles and should consequently be of uniform solubility. This technique 
is appreciably the same as used by La Mer and Goldman with lanthanum iodate. The 
salt when filtered and dried over calcium chloride analyzed for CU(IO~)~ .H~O.  The 
solvent salts were recrystallized from a high grade analyzed product, dried and analyzed 
for moisture and water of crystallization. 

The experiments were carried out in a large especially constructed thermostat main- 
tained a t  25 * 0.02'. Ten pyrex Erlenmeyer flasks fitted with especially constructed 
stoppers through which a stirring rod extended were placed in the thermostat and 5 g. 
of the  iodate added with 250 cc. of the solvent solution. The contents of the flasks were 
gently agitated for five days, then allowed to stand for twelve hours. These solutions 
were analyzed for dissolved copper iodate by dissolving 2 g. of potassium iodide in 250 
cc. of water in a 500-cc. iodine flask, 5 cc. of 6 M sulfuric acid was added, then 25 cc. of 

Bronsted and La Mer, THIS JOURNAL, 46,555 (1924). 
Gronwall, La Mer and Sandved, Physik. Z., 29,358-93 (1928). 
La Mer and Mason, THIS JOURNAL, 49, 410-26 (1927). 
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the iodate solution. The contents of the flask were immediately titrated with N/20 
sodium thiosulfate. The thiosulfate was restandardized before and after each run by 
exactly the same technique using 25 cc. of N/20 potassium iodate as the standard. Some 
trouble was experienced with a slow reaction between the iodide and cupric ion5 but the 
technique finally adopted allowed sufficient time to elapse between the completion of 
the iodate and the beginning of the cupric reaction. This was repeatedly checked using 
solutions of potassium iodate to which small quantities of copper sulfate had been added. 
In Table I is given a set of representative data illustrating the reliability of the method. 

TABLE I 

REPRESENTATIVE DATA 
Sample I - 1 2 0 ,  cc KI, g. H,SOl, cc. CuSOa, cc. KIOa, cc. Thio, cc 

I 200 2 5 0 2 F, 28.40 
I I 200 2 5 5 25 28.37 
111 200 2 5 10 25 28.37 
IV 200 2 5 20 25 28.37 
V 200 2 5 40 25 28.39 
VI 200 2 5 100 25 28.38 

Experimental Results 

The solubility of copper iodate in solutions of potassium chloride, po- 
tassium sulfate, magnesium chloride and magnesium sulfate is given in 
Table 11. The column headings are self-explanatory. The limiting law 
takes the form 

-log f = 1.01,/; 

from which the values in Column 6 are calculated. -log fo equals 0.10G3, 
obtained from the above equation when p represents the ionic strength 
of the copper iodate in the pure water solution. 

TABLE I1 

SOLUBILITY RELATIONS OF COPPER IODATE IN VARIOUS SOLVENTS 

Solvent, Salt, KC1 
Solubility, -Log f -Log f 
mole/liter II d Z  Log S/So (obs.) (calcd.) A log 

0.003693 0.01108 0.10526 . . . . .  0.1063 0.1063 0.0000 
,003724 .01167 .I0803 0.00363 .lo99 .I091 .0008 
.003725 ,01217 .I1032 .00375 .I100 .I114 - .0014 
.003825 ,01647 .I2833 .01525 ,1215 .I296 - .0071 
,003992 ,02198 .I4843 ,03381 .I401 .I499 - .0098 
,004667 .06400 .25300 .I0166 .2020 .2555 - .0535 
,005238 .I1571 .34020 .I5179 .2581 .3434 - .0853 
,007689 .52306 ,72320 .a1849 .4248 .7302 - .3054 
.009615 1.02884 1.01430 .41557 ,5219 10241 - .5022 
.013072 2.03922 1.42800 .54897 .6553 1 4423 - ,7870 
.015820 3.04746 1.74570 ,63183 .7381 1 7635 -1.0254 

Solvent Salt, K2S04 

0 003693 0.01108 0 10526 . . . . .  0 1063 0.1063 0.0000 
,003785 .01285 .I1340 0.01069 , ,1170 .I145 .0025 
,003882 .01465 .I2104 .02168 .I280 .I222 ,0058 
,094359 .02808 ,16758 .07201 .I783 ,1682 .0101 
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Solubility, 
mole/liter 

0.004856 
. OM840 
.008279 
.015010 

TABLE I1 (Concluded) 
- L w f  

d z  tog S/So (obs.) 
0.21112 0.11890 0.2252 

.41389 .26468 .3710 

.55000 .35060 .4069 
1.24301 .60900 .7153 

Solvent Salt, MgClz 
0.10526 . . . . . 0.1063 

.I1328 0.00954 .I158 

.I2025 .01480 .I211 

.I6659 ,05077 .I570 

.20868 .07755 ,1838 

.41150 .I9168 .2980 

.56880 .24191 .3482 
1.21070 .42790 .5342 
1.84660 .49927 .6056 
2.09401 .57709 .6834 

Solvent Salt, M~SOI  
0.10526 . . . . . 0.1063 

.I1568 0.01172 ,1180 

.I2463 .01752 ,1238 

.I8133 .05525 ,1616 
,23147 .08833 ,1946 
.46665 .20502 .3113 
.64705 .22676 .3331 

1.42600 .a547 .5918 

-Log? 
(calcd.) 

0.2131 
.4180 
.5555 

1.2524 

Square root of ionic strength, Cp. 
Fig. 1.-Therelation of the activity coefficient,f, and the ionic strength, 

M, for copper iodate. The straight l i e  is the theoretical equation, -log 
f = 1.014;; X, K2S0,; 0, KCI; A, MgCh; 0, MgSO,. 
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A plot of the data is shown in Fig. 1. The line marked "limiting tan- 
gent" is the Debye and Huckel limiting law. The potassium chloride,. 
magnesium chloride and magnesium sulfate curves fuse fairly well into 
the limiting tangent but the potassium sulfate curve shows the charac- 
teristic "hump" obtained by La Mer and Goldman for lanthanum and 
thallous iodates. This salt also increases the solubility of the iodate more 
than the others. The general deviation from the theoretical lies some- 
where between the deviations of the uni- and trivalent iodates mentioned. 

Summary 

The activity coefficients of copper iodate have been measured by the 
solubility method in aqueous solutions of the chlorides and sulfates of po- 
tassium and magnesium. The solubility of copper iodate is 0.003693 
mole per liter a t  25O. 

CEDAR RAPIDS, IOWA 

NOTES 
The Detection of Cobalt a s  Cesium Coba1tinitrites.-The oxidation of 

cobaltous ion in acid solution by a concentrated solution of potassium 
nitrite and its precipitation as the yellow cobaltinitrite are well known 
in the conventional scheme of analysis. The potassium salt, however, 
has an appreciable solubility and for low concentrations of cobaltous ion 
has the undesirable property of precipitating slowly. The corresponding 
cesium salt, on the other hand, is more insoluble and precipitates and 
settles much more rapidly. At 17" one cubic centimeter of saturated 
solution contains approximately 0.05 mg. of the cesium sa1t.l In terms 
of cobaltous ion the concentration is considerably less and hence serves 
as a very delicate test for this ion. 

Procedure.-The mixture of cobalt and nickel sulfides, from the usual 
procedure, is dissolved in aqua regia and evaporated just to dryness. 
The residue is dissolved in one or two cc. of 6 M acetic acid. To this 
solution 2 cc. of 6 M sodium nitrite and 0.5 cc. of 0.5 111 cesium nitrate 
(or 0.25 dl cesium sulfate suggested as a reagent for a l umin~m)~  are added 
and the yellow CszNaCo(NO&, precipitates. 

The following table illustrates the delicacy and rapidity of the test 

Concn. of cobaltous ion, mg. per cc.. . . . . . . . . . 0.5 and greater 0.2-0.5 0.05 
Time for precipitation, min.. . . . . . . . . . . . . . . . . Instantaneous 0 .5  2 

The sensitivity of the test may be increased by substituting potassium 
nitrite for the corresponding sodium salt in the previously described pro- 

' Rosenbladt, Ber., 19, 2531 (1886). 
2 Yagoda and Partridge, THIS JOURNAL, 52,3579 (1930). 



4858 NOTES V0l. 52 

cedure. If this is done, a solution of cobaltous ion containing 0.01 mg. 
per cc. will yield a yellow precipitate (probably Cs2KCo(N02)6) in about 
three m i n ~ t e s . ~  

Considerable quantities of iron, manganese or nickel do not interfere 
with the cobaltinitrite precipitation. 

The authors acknowledge with thanks the kind cooperation of the 
Maywood Chemical Works. 

Inorganic Lubricants. IV. Lubricants for Temperatures Above and 
Below Normal. A. For Temperatures Above Normal.-Aqueous meta- 
phosphate and metaphosphoric acid solutions yield clear, viscous lubri- 
cants capable of operating up to 120' and by selection to 160°, the operating 
range of temperature (Op. r.) over which any particular solution has satis- 
factory lubricating properties depending upon the temperature at which 
boiling of that solution is stopped (T. b.) Typical examples are listed in 
Table I. 

TABLE I 
BOILING TEMPERATURES AND APPROXIMATE OPERATING TEMPERATURE RANGES FOR 

VARIOUS METAPHOSPHATE SOLUTIONS 

A. Aqueous solutions of metaphosphoric acid containing approximately 20% of added 
orthophosphoric acid 

T. b., "C. 140 150 165 185 205 
Op. r., OC. 2530  40-60 45-70 55-75 65-80 
T. b., OC. 230 260 300 350 
Op. r., O C .  70-85 80-95 105-120 Fumes 

B. Solutions of sodium metaphosphate 

T .  b., "C. 107 a 110 a 115 120 
Op. r., O C .  25+ 50-65 60-85 65-90 

C. Solutions of sodium metaphosphate containing approximately 20% of borax and 
10% of added orthophosphoric acid 

T. b, "C. 110 115 122 a 118 125 
Op. r., OC. 25 f 60-80 70-90 50-80 90-160 

a The solution was then diluted and again boiled down to avoid crystallization a t  
the operating temperature range. 

These lubricants in their respective operating ranges have properties 
quite similar to those of the phosphoric acid and metaphosphate lubricants 

Cf. Noyes and Bray, "A System of Qualitative Analysis for the Rare Elements." 
The Macmillan Company, New York, 1927, p. 202. 
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previously de~cr ibed .~  In general, the operating range rises during their 
protracted use a t  elevated temperatures because of further slow dehydra- 
tion. 

A variety of salts melted in their water of crystallization and, a t  higher 
temperatures, certain anhydrous salts yield liquids which, when mixed with 
sufficient quantities of finely powdered, non-reacting, stable solids to form 
stiff, creamy pastes, afford lubricants similar to those obtained by mixing 
such solids with aqueous solutions of deliquescent substances,lb but having 
operating ranges up to their reaction or decomposition temperatures. 

TABLE I1 

OPERATING RANGES OF MIXTURES OF FUSED SALTS WITH FINELY DIVIDED SOLIDS 

Mixed with 
Subs. M. p., 'C .  powdered Op. r.. OC. Remarks 

Ca(NOa)~.4Hz0 42 Graphite 45-120 Supercools 
NazB~04.2H~0 57 Graphite 5.5-110 Supcrcools 
NazSzOa.5He0 48 Graphite 70-110 SO2 evolved 
Mg(N03)~.6H20 90 Kaolin 110-200 
KSCN 172 Kaolin 175-320 
KNOa 337 Kaolin 340-360 Decomposes above 360" 

A mixture of equal parts by weight of crystallized calcium nitrate and 
potassium nitrate when heated to 120' and stirred until a clear solution of 
calcium nitrate in the potassium salt was thus obtained yielded a liquid 
that when mixed with kaolin gave a series of lubricants of increasing tem- 
perature ranges depending on the temperatures at which boiling the liquid 
was stopped. 

BOILING TEMPERATURES OF MIXED CALCIUM AND POTASSIUM NITRATES AND OPERATING 

RANGES OF LUBRICANTS CONTAINING KAOLIN 

T. b., OC. 150 185 200 225 
Op. r., OC. 140-160 150-180 155-190 160-220 

T. b., OC. 260 300 340 
Op. r., OC. 170-260 170-300 170-340 

It appears to be possible, therefore, to select a mixture of fused salt and 
non-reacting solid to melt under almost any required condition of high 
temperature inorganic lubrication. Mixtures of this kind are also useful 
as reversibly thermoplastic lutes. 

B. Lubricants Operating at Temperatures Below Normal.-The same 
classes of materials in different concentrations also yield lubricants capable 
of operating at subnormal temperatures. Thus aqueous solutions of meta- 
phosphoric acid boiling a t  the stated temperatures give approximately the 
following ranges of temperature for satisfactory lubrication. 

Boughton, THIS JOURNAL, 52, (a) 2813; (b) 4335 (1930). 
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BOILING TEMPERATURES AND OPERATING RANGES FOR A SOLUTION OF METAPHOSPHORIC 

ACID 

T. b., "C. 105 110 115 120 
Op. r., "C. -75 to -65 -60 to -50 -40 to -30 -15 t o 0  

Sodium metaphosphate solutions have more limited usefulness as low 
temperature lubricants. Those boiling at 104-106° have an operating 
range of -25 to 0'. More dilute solutions freeze when cooled to a tem- 
perature of a few degrees below zero. 

Lubricating cream mixtures of salt solutions and finely divided solids may 
be prepared in the usual way and can then be used at  temperatures down to 
approximately the freezing points of the respective solutions. Thus, a 
35% solution of calcium chloride mixed with kaolin may be used as a 
lubricating paste to temperatures as low as - 20". 

CONSTITUTION OF THE SO-CALLED DITHIOURAZOLE OF 
MARTIN FREUND. IV. ISOMERISM OF HYDRAZODITHIO- 

DICARBONAMIDES, IMINO-THIOL-THIOBIAZOLES AND 
IMINO-THIOBIAZOLONES 

The ring-closing action of various reagents upon hydrazodithiodicarbon- 
amides and their alkyl and aryl substituted derivatives has been studied by 
a number of workers, viz., by Freund, Busch, Arndt, Fromm, Guha and 
their collaborators beginning from the year 1893, and all the possible four 
types of triazoles and thio-biazole compounds, I, 11, I11 and IV, obtainable 
from the hydrazides, have been isolated. 

HN-NH HN-NH HN-NH HN-NH 
I I 

SC CS 
I I 

SC C=NH 
I I 

SC C-NH 
I I 

HN=C C=NH 

z \/ 
NH '3' v 

S 

A careful survey of the literature reveals the fact that various authors 
attribute different melting points to one and the same substance. As an 
example, to imino-thio-tetrahydro-4,1,2-thiodiazole, Freundl gives the 

Freund, Ber.. 28, 946 (1895). 
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melting point 243'; Guha2 attributes three different melting points, uis., 
244, 233 and 224O, and Fromm3 gives 228-235'. So it appears that the 
various investigators did not take sufficient care to deiine exactly the 
conditions under which they worked, so that the attempted repetitions 
were hindered by a lack of exact knowledge of the experimental conditions 
employed by earlier investigators. The present work was, therefore, 
undertaken with a view to defining more clearly the various factors which 
are concerned in the formation of each of the types of compounds. 

In this paper, which forms 
the beginning of a series of 2-7 

investigations, it is proposed 
to deal with hydrazodithio- 4 
dicarbonamides and the  
imino-thiolthiobiazoles. g 2.3 

Hydrochloric acid being 2 
rather an important ring- 5 
closing agent, its behavior on % 
the hydrazides has now been $ l.9 
very systematically studied { 
and the utmost care has been -8 

3 taken to learn the influence . - 
of two important factors, viz., E 

% 1.5 the concentration of the acid 
and duration of treatment. 8' 

4 
After several trials 2 N acid, 
5 N acid, strong (d 1.16) acid 

1.1 and concentrated (d 1.19) 22 26 3000 32 38 42 46 
hydrochloric acid have been Wave numbers or 1 /A. 
found to be suitable. Fig. 1.-A,NH=C(SH)NHNHC(SH)=NH, m. p 

Hydrazo-dithio - dkarbon- 203'; B, NH8CSNHNHC(SH)=NH, m. p. 223 O .  

amide (m. p. 223') on being 
boiled with dilute hydrochloric acid for a short time gave instead of a 
ring compound another hydrazide having the same chemical composition, 
C2HsN4S2, yielding derivatives (acetyl, methyl ether) identical with those 
of the parent hydrazide but differing in the melting point (m. p. 203'), 
suggesting thereby that the new compound is an isomer. While the 
hydrazide (m. p. 223') has given only one absorption band (B) in Fig. 1, 
the isomer has given two bands (Curve A) ; and when the lower-melting 
variety was reconverted to the higher one, only one band, identical with 
that of the parent hydrazide, was obtained. 

In these substances, we are dealing with a simple case of tautomerism, 
Guha, THIS JOURNAL, 44, 1502-1517 (1922). 

3 Fromm. Ann.. 426,313 (1922). 
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for they do not contain anything benzenoid in structure, which is always 
accompanied by absorption bands. From a consideration of the investi- 
gation on the ultraviolet absorption spectra of some enol-keto tautomerides 
by Baly and D e ~ c h , ~  the conclusion to be drawn from these results can only 
be that the 223' variety exists in the monothiol form, whilst the new variety 
exists in the dithiol form, thus 

NHzCSNHNHC(SH)=NH (m. p. 223 ') 
NH=(HS)CNHNHC(SH)=NH (m. p. 203 O) 

In  the former, the hydrogen atom of only one of the (-CSNH2) groups can 
oscillate to give rise to the tautomeric thiolimino form -C(SH)=NH, 
accounting for one absorption band; and in the latter, the hydrogen atoms 
of both such groups can oscillate, as the result of which it gives two bands. 

Both the hydrazides on being boiled with dilute hydrochloric acid for a 
long time, or with concentrated acid for a short time, yielded a ring com- 
pound of composition C Z H ~ N ~ S ~  melting at  234°.3 In all chemical behavior 
i t  was identical with Freund's compound melting at  244-245'. 

The acetyl derivative (m. p. 303') of the above compound (m. p. 234') 
when hydrolyzed with hydrochloric acid, gave back a substance possessing 
the same chemical composition, viz., C Z H ~ N ~ S ~ ,  but melting a t  245'. 
This compound was obtained also by boiling the hydrazodithiodicarbon- 
amide with concentrated hydrochloric acid (sp. gr. 1.19) for about half an 
hour. It does not respond to the tests of the amino group and behaves 
chemically identical with the parent substance (m. p. 234O). 

It has also been observed that the higher-melting variety, obtained by 
either of the methods as stated above, on standing for several weeks is 
converted into the lower-melting variety 234'. The question naturally 
arises whether it is possible to explain this difference by any other tautomeric 
formula. 

NH-N NH-NH N-NH N-N 
I II 

NH=c c+H A As I/ II m2li Ls HINC C-SH 

"3' 
Of these the third and the fourth can easily be discarded owing to the fact 
that the substances do not respond to any test for the amino group. As 
regards the first and the second, i t  is very doubtful whether any such 
tautomeric compounds can exist at  all as separate individuals. 

Chemical methods proving of no avail in finding out the real cause of the 
difference, it was thought advisable to examine and compare the absorption 
spectra of these two compounds. It will be noticed that the difference 
existing among all the four suggested formulas is only due to a labile hy- 
drogen atom. If this is really the case, then there ought to have been only 

Baly and Desch, J. Chem. Soc., 85, 1033-1036 (1904). 
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a slight difference either in the persistence of the band or in the number of 
bands obtained from the two varieties. It has been actually found that the 
lower-melting variety gives a band between the wave numbers 3400 and 
4200 in Fig. 2, while the higher-melting variety gives the band in the region 
between 2500 and 3600. This 
means that there has been a 
shift in the curve while pass- 
ing from one variety to  the 
other isomeric form. This 8 
eliminates the possibility of 2 22.3 

the difference being due only 8 
to a labile hydrogen atom. 2 

It is necessary here to de- 2 
scribe another case of isomer- 3 1.9 
ism observed by us. Martin 8 
Freund, by treating hydrazo- 8 
monothio-dicarbonamide $ 
with s t rong hydrochloric A 

acid, obtained a compound 
(m. p. 177') which he called 
monothio~razole.~ The same 3 
hydrazide on being treated 

1 .1  with acetic anhydride6 was 
found to give a basic com- 

B 

Hh -: 
" I -I ''*\\\> 

A =  NH:C C-SH ( ~ . ~ . 2 3 4 1  
---- = \/ - 

s 
N- NH IS I N -?H 

B= C-NH-C-SH C =  il.-0-C-NH~ - 
= \s/ = \/ 
, (M.P ,244? , (,.P 2359 

pound possessing the same 
chemical composition as that 22 26 3000 31 ?8 4200 46 

Wave numbers or l/A. 
of Freund, but melting a t  Fig. 2. 
235'. The latter compound 
differs from the former in that it forms derivatives with aldehydes, iso- 
cyanate~, and mustard oils, proving conclusively the presence of an amino 
group. 

In  view of these observations the new isomeric compound can only be 
represented by an endo formula, viz., 3-amino-3,5-endoxy-2,3-dihydro-4, 
1,2-thiodiazole (X). Freund's compound possesses none N N H  

of these properties, and is feebly acidic in character, due II 1 
C-0---C-NH2 evidently to the presence of an (-NH-CO-) group. So, ,, 

to account for the pronounced basic nature of the new com- S 
pound and to explain the mechanism of conversion of 
Freund's monothiourazole to  that obtained by Guha, i t  is proposed to  
attribute an endo structure to the latter, and the changes involved in the 
transformation can be represented thus 

6 Proved by Arndt t o  be imino-thiobiazolone, Ber., 55,341 (1922). 
@ Guha, THIS JOURNAL, 45,1038 (1923). 
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HN-NH N- NH N-NH 
I I /I  I II I 

OC C=NH -+ COH C=NH -+ C-0-C-NH2 
w v 

S S 

For purposes of analogy the curve of the endoxy-aminothiodiazole is also 
given, and i t  will be noticed that the curve of the 245' variety occupies 
almost the same region. 

From all that has been said so far, and also to explain the difference 
between the two forms, melting a t  234 and 245O, on a structural basis, as 
distinct from a basis of tautomerism, as established by absorption spectra 
curves, i t  is proposed that an imino-thio-tetrahydro-thio-diazole (A) 
structure be attributed to the lower-melting variety and an endo structure 
(viz., 3-thiol-3,5-endo-imino-2,3-dihydro-4,1,2-thiodiazole) to  the higher- 
melting variety. 

HN-N N-- NH 
I II 

HN=C C-SH 
II I 
C-NH-C-SH 

\/ \/ 
S S 

(A, m. p. 234') (B, m. p. 245") 

Similar experiments have also been made with the substituted hydrazides. 
The results have corroborated the observations made in this paper and 
will be communicated shortly. 

Experimental 

Isomeric Hy&azodithiodicarbonamide.-Five grams of hydrazo-dithio-dicarbon- 
amide, m. p. 223 (prepared according to the method of Freundl), was heated with 100 
cc. of 2 N hydrochloric acid over a small flame until dissolved and the solution kept boil- 
ing for just ten minutes. The solution was then ailowed to cool slowly, when colorless 
tiny needles separated. These were filtered, washed with a little water and recrystallized 
from hot water. The colorless crystalline needles thus obtained melted sharply at  203 ". 
The melting point remained unchanged on repeated crystallizations; yield almost 
quantitative. This substance was found to be soluble in alkali more readily than the 
parent hydrazide; but both the hydrazides gave identical compounds when treated with 
dimethyl sulfate (m. p. 174"), and even the analytical values were the same. (The 
absorption spectra of the two have been studied in aqueous solutions.) 

Anal. Calcd. for CzHaN4Sz: N, 37.33; S, 42.66. Found: N, 37.2; S, 43.0. 

Interconversion of the Two Hydrazides.-Two grams of hydrazodithiodicarbon- 
amide (m. p. 223 "), was dissolved in a little excess of 2 N sodium hydroxide and the clear 
solution kept aside in a closed flask for about twenty-four hours. The solution was then 
acidified with dilute hydrochloric acid, when a thick colorless solid was thrown down. 
This solid was filtered, washed and crystallized from hot water, when colorless tiny 
needles were obtained, melting sharply a t  203". This was proved by mixed melting 
point to be identical with the isomeric hydrazide obtained previously. The yield was 
almost quantitative except for a little loss during crystallization. 

Two grams of the hydrazide (m. p. 203 ") was placed in a glass dish, covered with a 
watch glass, in an air-oven at  120° for about four hours, when the hydrazide was found 
to melt a t  223". The higher-melting variety thus obtained showed no change in the 
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melting point on repeated crystallization and was proved to be identical with the 
parent hydrazide (m. p. 223") by taking the mixed melting point. The absorption 
spectra of the 223" variety as obtained by conversion were found to  be identical with 
that of the parent hydrazide. 

Imino-thiol-dihydro-thiobiazo1e.-Two grams of hydrazodithiodicarbonamide 
(m. p. 223 ") or its isomer (m. p. 203 ") was boiled with 25 cc. of concd. hydrochloric acid 
(d 1.19) for about ten minutes. The crystalline solid obtained from the clear solution 
on cooling was carefully washed and recrystallized from hot water (m. p. 234'). 

When the experiment was repeated with 2 N hydrochloric acid, about 60 cc. of the 
dilute acid was required to dissolve 3 g of the hydrazide on heating, and the solution 
had to be kept boiling for half an hour. The imino-thiol-dihydrothiobiazole thus ob- 
tained crystallized as very pale yellow needles, melting sharply a t  234O, the yield being 
about 1.4 g. from 3 g. of hydrazide. I t  dissolves in cold dilute sodium hydroxide solu- 
tion, and with iodine it gives the disulfide (m. p. 240"); with methyl sulfate it gives the 
thiomethyl ether (m. p. 178"); with acetic anhydride, the acetyl derivative (m. p. 303"). 

Anal. Calcd.forCzH8N&%: N,31.6; S,48.1. Found: N,31.8; S,47.8. 
Endo-imino-thiol-thiobiazo1e.-Three grams of imino-thiol-dihydro-thiobiazole 

(m. p. 234") was heated with 20 cc. of concentrated hydrochloric acid (d 1.19) to boiling 
for about ten minutes and the solution was allowed to cool. Dull yellow prismatic 
crystals were found to separate out from the solution gradually, and were filtered, washed 
and recrystallized from hot water; m. p. 244O; yield, 1.2 g. 

Two normal acids failed to give the endo compound (m. p. 244") even when the solu- 
tion was boiled for more than an hour, but 5 N hydrochloric acid was found to be better 
than concentrated acid, as it gave greater yield. The actual yield of the endo com- 
pound from 3 g. of the parent thiobiazole was 1.8 g. as compared with 1.2 g. with con- 
centrated acid 

Starting with hydrazodithiodicarbonamide (m. p. 233 ") or its isomer (m. p. 203 O), 
5 g. of the hydrazide was heated with 40 cc. of 5 N hydrochloric acid until dissolved. 
The solution was kept boiling over a small flame for a quarter of an hour and then 
cooled. The solid obtained was filtered, washed and crystallized from hot water, m. p. 
244"; it was found to be identical with that obtained from imino-thiobiazole (and be- 
having chemically identically with the "so-called 'dithio-urazole' " of Martin Freund).' 
5 N hydrochloric acid was employed in preference to concentrated acid for good yields; 
yield, 3.2 g. 

The substance gave with methyl sulfate the methyl ether, m. p. 17g0, and the acetyl 
derivative, m. p. 303 O, both identical with those of imino-thiol-dihydro-thiobiazole. 

Acetyl Derivative of Imino-thiol-dihydro-thiobiazo1e.-Two and one-half grams of 
the thiobiazole was heated gently with 15 cc. of acetic anhydride until dissolved. The 
brownish-yellow solution obtained was heated to boiling and kept a t  that temperature 
for about twenty minutes. The clear solution was poured into about 100 cc. of water and 
when thoroughly stirred by a glass rod, a yellow solid separated, which was filtered, 
washed with water and crystallized from very dilute acetic acid. The pale yellow needles 
thus obtained melted a t  303" to a dark brown liquid; yield, 1.4 g. 

Hydrolysis.-The acetyl compound was boiled gently with 2 N hydrochloric acid 
until very little acetic acid was present in the vapors. The insoluble solid which sepa- 
rated on slight cooling was filtered off from the mother liquor, washed and crystallized 
from boiling water. The crystalline needles so obtained melted sharply a t  243-244O. 
identical with the endo-imino-thiol-thiobiazole.7 

The endo-imino-thiol-thiobiazole when treated similarly with acetic anhydride 
gave the same acetyl derivative, m. p. 303', which on hydrolysis gave back the endo 
compound. 
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Summary 
1. Hydrazodithiodicarbonamide has been found to tautomerize into 

the thiol-imino form under experimental conditions which have been de- 
termined, and the interconvertibility of the two forms established. 

2. Imino-thiol-thiobiazole has been isolated as an intermediate com- 
pound during the formation of Freund's "Dithio-urazo1e"-now shown 
to  be endo-imino-thiol-thiobiazole; the latter has been found to be formed 
either by the prolonged action of hydrochloric acid on the hydrazide or the 
imino-thiol-thiobiazole, or by acetic anhydride treatment on the thio- 
biazole with subsequent deacetylation. 

3. Similar cases of isomerism have been observed with the alkyl and 
aryl substituted mono- and dithio-hydrazides. 

SOME H A L ~ G E N  DERIVATIVES OF ACYL AND ALKYL 
RESORCINOLS 

Since the acyl and alkyl resorcinols have been given much attention by 
investigators recently, due to their germicidal and other interesting proper- 
ties, we have undertaken to prepare and study certain halogen derivatives 
of these compounds, and also to improve the methods of preparation of 
the intermediate compounds already reported by others. 

The acyl groups were introduced into the resorcinol nucleus by condens- 
ing the latter with the desired fatty acid in the presence of fused zinc chlo- 
ride, a method proved to be very satisfactory for this purpose by Nencki2 

and others. The ketones were prepared without difficulty, and increased 
yields obtained by varying the conditions of temperature, concentration 
and time, as shown in the tables in the di~sertation.~ These acyl com- 
pounds were then reduced according to Clemmensen's m e t h ~ d , ~  which 
employs amalgamated zinc with hydrochloric acid as reducing agent. The 
alkyl compounds obtained by reduction were halogenated in various sol- 
vents and in the presence of carriers. 

The same halogenated alkyl resorcinol was obtained whether the halo- 
genated ketone was reduced or the ketone reduced before halogenation. 
For example, dibromo-ethylresorcinol was prepared as follows. 

This paper is an abstract of part of a thesis presented by J. C. Harris in partial 
fulfilment of the requirements for the degree of Master of Science. 

Nencki and Schmid, J. prakt. Chem., 23, 546 (1881). 
Dissertation, by J. C. Harris, 1930. 

* Clemmensen, Ber., 46, 1837 (1913). 
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Von Pechmann and Duisberg5 established the position of the acetyl group 
when they fused P-methylembelliferone with potassium hydroxide and ob- 
iained resacetophenone. Dahse6 determined the position of the bromine 
atoms in the ketone by oxidation with chromic acid and obtained a dibromo- 
dihydroxybenzoic acid which was identical with that formed by bromina- 
tion of 8-resorcylic acid. The reduction of the dibromo ketone would defi- 
nitely place this compound as 2,4-dihydroxy-3,5-dibromo-ethylresorcinol. 

The corresponding dichloro-ethylresorcinol was prepared by reduction 
of the chlorinated ketone, but we were unable to isolate the same compound 
when ethylresorcinol was chlorinated, although i t  was evident that a similar 
reaction had taken place. The solubility of dichloro-ethylresorcinol in 
water is appreciably greater than that of the dibromo-ethylresorcinol, and 
we could not find an extraction agent which would bring about a clear 
separation and yet remain immiscible with the original solvent. 

On bromination of resacetophenone in acetic acid with iodine as carrier, 
a tetrabromo derivative was obtained. On reduction by Clemmensen's 
reagent, the tetrabromo derivative gave 2,4-dihydroxy-3 5-dibromo-ethyl- 
resorcinol, indicating that two of the bromine atoms are in the nucleus and 
two in the methyl group of the side chain. 

The halogenated acyl resorcinols gave a wine-red color to an aqueous 
solution of ferric chloride, while the corresponding alkyl compounds gave 
merely a slight yellowish-green coloration. The melting points for the 
halogen derivatives are considerably higher than for the non-halogenated 
ketones, but show the usual decrease with lengthening of the side chain. 
Since there are two bromine atoms in the side chain pf the tetrabromores- 
acetophenone, their introduction reduces the melting point. Inasmuch as 
the melting point of tribromopropionylresorcinol is higher than that  of the 
dibromo compound i t  is possible that the third bromine atom of the former 
may be in  the benzene nucleus. 

We were unable to  prepare tribromoresacetophenone, reported by Se- 
galle7 as produced by passing an excess of bromine into an acetic acid 

Von Pechmann and Duisberg, Ber., 16, 2121 (18s). 
6 Dahse, ibid., 41, 1621 (1908). 
7 Segalle, Monatsh., 17, 315 (1896). 
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solution of the ketone. Numerous trials with different proportions and in 
different solvents, varying also the temperature and time, resulted in form- 
ing the dibromo compound, or in the presence of iodine as carrier, the tetra- 
bromo derivative. However, when propionylresorcinol was brominated in 
glacial acetic acid, tribromopropionylresorcinol was obtained, also when 
iodine was used as carrier. 

Halogenation products of propylresorcinol and butylresorcinol were 
prepared by the reduction method of Clemmensen, and the color change 
when tested with ferric chloride indicated complete reduction, but samples 
were oils of which we did not have a sdlicient quantity for purification. 

In the preparation of butyrylresorcinol, when the condensation was per- 
mitted to continue a t  boiling temperature for several minutes, the final 
purification gave two products: one the normal product melting at  69-70', 
and the second a compound melting sharply a t  111-112°, composed of clear 
colorless prism-shaped crystals. Several analyses were made of different 
trial samples but no conclusions can be reached as to its constitution until 
more work is done on the compound. 

We are investigating further the halogen derivatives of other members of 
the resorcinol series, with acyl, alkyl and aryl side chains. We have also 
made a number of similar derivatives of hydroquinone and of the naph- 
thols, and are continuing their study in this Laboratory. 

Experimental Part 
w-Dibromo-3,5-dibromo-Z,4dihydroxyacetophenone-Bromination took place in 

a hot glacial acetic acid solution of resacetophenone, using several crystals of iodine as 
carrier. On dilution with water, yellow crystals separated and were purified by crystal- 
lization from acetic acid and from alcohol. The characteristic sheaves of yellow plate- 
lets melt sharply at  110-110.5". 

Anal. Calcd. for CsHaOsBrl: Br, 68.35. Found: Br, 68.08, 68.42. 
The .compound is readily soluble in alcohol, benzene, ether, chloroform and acetic 

acid, difficultly soluble in petroleum ether and in boiling water. With ferric chloride a 
wine-red color is produced, as with other brominated ketones. On reduction tetra- 
bromoresacetophenone gave 3,5-dibromo-2.4-dihydroxy-I-ethylbenzene, indicating 
that two of the bromine atoms of the tetrabromo derivative were in the methyl group 
of the side chain. 

Dichloro-2,4-dihydroxyacetophenone was prepared by direct chlorination of res- 
acetophenone in a variety of solvents and at  different temperatures; the best yield (78%) 
was obtained when using 80y0 acetic acid as solvent, and the solution was heated to 80 at 
the beginning of the chlorine addition. Segalle7 also used acetic acid in preparing the 
compound. The glistening white needles melt a t  195-196O. They are insoluble in 
water, slightly soluble in chloroform, carbon disulfide, and petroleum ether, readily 
soluble in alcohol, benzene and acetic acid. 

2,4-Dihydroxypropiophenone.-propionic acid distilling between 135-145 O was used 
in numerous trials, and most satisfactory results were obtained by dissolving 80 g. of 
fused zinc chloride in 80 g. of propionic acid, and adding 50 g. of resorcinol to the hot 
solution. The mixture was heated under reflux to an intense bubbling of the solution, 
which occurred between 160-165O. The solution was then allowed to cool slowly, 
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and on the following day was warmed sufficiently to permit it to be poured into a water 
and ice mixture acidified with hydrochloric acid. The dark brown oil solidified on 
standing, and the product was purified by dissolving in alcohol and refluxing the solution 
with animal charcoal. Bright yellow needles separated, m. p. 96", which were readily 
soluble in alcohol, benzene, ether and acetic acid, but difficultly soluble in carbon 
tetrachloride, chloroform, petroleum ether and water. A yield of 73% was obtained, 
which is lower than that reported by others8 who used a larger proportion of acid, but 
the above method is more economical as technical propionic acid can be used. The 
oxime was prepared as bright yellow needles, m. p. 186-187". 

3,5-Dibromo-2,4-dihydroxypropiophenone-a prepared this compound by 
slow addition of an acetic acid solution of bromine to the ketone dissolved in acetic 
acid. We tried carbon disulfide as well as acetic acid as solvent, but obtained the best 
yield (51 yo) by use of 80% acetic acid, adding bromine slowly through a dropping funnel. 
The mixture was allowed to stand for a day, filtered, the filtrate diluted with water 
and allowed to stand two to four hours for crystal formation. The crystals were dis- 
solved in alcohol, refluxed with animal charcoal and recrystallized by addition of water; 
rn. p. 151-152'; white needles, difficultly soluble in petroleum ether, insoluble in water, 
but readily soluble in other solvents. 

Tribromo-2,4-dihydroxypropiophenone.-The ketone, dissolved in glacial acetic 
acid, was treated with two and one-half times the amount of bromine theoretically 
required for the dibrorno compound. The solution was heated to 80" before adding 
the bromine. On cooling, an equal volume of water was added and the crystals were 
filtered, washed and dried. Repeated crystallization from alcohol gave yellow flaky 
crystals, m. p. 157-158", which may be dissolved with difficultly in hot water or pe- 
troleum ether, but are readily soluble in other solvents. 

Anal. Calcd. for CsH,OsBrr: Br, 59.37. Found: Br, 59.15, 59.49. 
. Dichloro-2,4-dihydroxypropiophenone.-The ketone was dissolved in SOYo acetic 

acid and chlorine was passed through until no further change was observed. A mass 
of white needle-like crystals separated, and dilution with water gave more of the same 
compound, which was recrystallized from acetic acid and water. The product was 
washed, dried and finally crystallized repeatedly from benzene giving white needles, 
m. p. 146-147O, very slightly soluble in petroleum ether, insoluble in water, but readily 
soluble in alcohol, benzene and other solvents. 

Anal. Calcd. for C9H8O8Cl2: C1, 30.18. Found: C1, 29.97, 29.96. 
2,4-Dihydroxybutyrophenone.Sixty grams of technical butyric acid (b. p. 153- 

163") and 50 g. of fused zinc chloride were refluxed and when dissolved 30 g. of re- 
sorcinol was added. The mixture was heated to an intense bubbling, which occurred 
a t  about 165". The dark brown viscous product was allowed to cool slowly until the 
next day, then warmed and poured into an acidified mixture of ice and water. The 
ketone was washed free of zinc chloride, dried and distilled repeatedly under diminished 
pressure, giving a light yellow oil. The product was crystallized from a mixture of 
equal parts of chloroform and benzene, m. p. 68-70". Johnson and Lane8 purified the 
ketone by distillation upder diminished pressure and crystallization from a mixture of 
three parts of carbon tetrachloride and one part of benzene 

Gnagy
g 

dissolved the oil in aqueous sodium hydroxide, refluxed repeatedly with 
animal charcoal and precipitated with hydrochloric acid. 

Second Product.--In repeating the above process, but maintaining the mixture 
a t  the boiling temperature of 165" for two to five minutes before cooling, a different 

8 Johnson and Lane, THIS JOURNAL, 43, 357 (1921). 
9 Gnagy, ibid., 45, 807 (1923). 
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substance was obtained. The condensation product was purified as above, but the 
crystallization from chloroform and benzene gave about 20% of clear colorless crystals, 
m. p. 111-112°, the rest being the normal compound with melting point of 68-70'. 
The new compound crystallized in large clear prisms and appeared to be pure, but 
analyses showed less carbon and hydrogen than found in the normal compound. Un- 
fortunately not enough of the compound was available to make derivatives for further 
study. We prepared the oxime of the normal compound (m. p. 68-70"), obtaining pale 
yellow needles, m. p. 188-189°. 

3,5-Dibromo-2,4-dihydroxybutyrophenone-Direct bromination of the ketone in 
80% acetic acid solution, as employed by Gnagy, gave satisfactory results, though the 
yield was low. A yield of 10% was obtained when 15 g. of the ketone was brominated 
with 30 g. of bromine, 100 g. of 80y0 acetic acid being used as solvent. The compound 
was much more difficult to purify than the halogenated propionyl or acetyl resorcinol. 
It was necessary to reflux the solution repeatedly with animal charcoal, and finally to 
crystallize by fractional crystallization from alcohol and water. The crystals melt a t  
108-109 '. The compound can be reduced to the alkyl form. 

Dichloro-2,4-dihydroxybutyrophenone.-Twenty grams of butyrylresorcinol was 
dissolved in 100 g. of 80Yo acetic acid and chlorine passed through in excess. On 
dilution white crystals separated, which were refluxed in alcoholic solution with animal 
charcoal, and finally crystallized from benzene. The white needles (yield, 21%) were 
very slightly soluble in petroleum ether and in water, but readily soluble in alcohol, 
benzene or carbon tetrachloride. The melting point was 110.5-111 O. 

Anal. Calcd. for CloH,,0sC12: C1, 28.48. Found: C1, 28.80, 28.76, 28.96. 
2,4-Dihydroxy-l-ethylbenzene.-Resacetophenone was reduced by the Clemmensen 

method.1° A yield of 82% was obtained as follows. Mossy zinc was amalgamated 
by covering with a 5% solution of mercuric chloride for one hour, then the liquid was 
drained off and the zinc used immediately without washing. Two hundred grams of 
the amalgamated zinc was placed in a flask, 50 g. of the ketone added, and 300 cc. of 
20% hydrochloric acid gradually poured in to maintain steady evolution of hydrogen 
while the mixture was gently boiled. When a drop of the liquid gave no red color test 
with aqueous ferric chloride, which in this trial required about three hours, the solution 
was decanted, saturated with sodium chloride, cooled and extracted with ether. This 
general procedure was followed in all reductions and gave much better yields than the 
use of sodium amalgam or other reducing agents tried. When crystallized from benzene, 
the pale yellow crystals melt sharply a t  97-98'. as reported by Clemrnensen, and also 
by Johnson and Hodge.ll 

3,5 - Dibromo - 2,4 - diydroxy - 1 - ethylbenzene. Reduction Method.-Dibromo- 
resacetophenone was reduced by Clemmensen's method until the ferric chloride test 
showed complete reduction. The warm suspension was saturated with salt, cooled 
and extracted with ether. On evaporation of the ether the oily residue was dissolved 
in alcohol and rduxed repeatedly with animal charcoal. On cooling the diluted 
alcoholic solution silky crystals slowly separated. The long silky needles when k t  
filtered were transparent, but became opaque when dried. They melted sharply a t  74'. 

Anal. Calcd. for C8H802Br2: Br, 54.01. Found: Br, 53.93, 54.21. 
Bromination Method.-Ethylresorcinol was dissolved in a variety of solvents and 

the calculated amount of bromine for the dibromo product was added. The solvents 
tried were glacial acetic acid, 80% acetic acid, ether, carbon disulfide, chloroform and 
carbon tetrachloride; ether gave the best results with a 60% yield in several trials. 

lo Clemmensen, Bey., 47, 51 (1914). 
l1 Johnson and Hodge, THIS JOURNAL. 35, 1020 (1913). 
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The bromine was added slowly through a dropping funnel, and the mixture allowed to  
stand for several hours The ether was then permitted to evaporate slowly, leaving 
clumps of characteristic wavy buttons. These were dissolved in alcohol, and crystallized 
by the procedure outlined above, giving crystals melting a t  73.5-74.5G. A mixed 
melting point, taken using equal parts of the compound prepared by the two methods, 
did not vary by more than a half degree from the melting points of the  two separate 
'samples. 

Anal. Calcd. for CaEIsOzBrz: Br, 54.01. Found: Br, 54.25, 53.88. 
The compound is very slightly soluble in water, but readily soluble in most other 

solvents. 
Dichloro-2,4-dihydroxyethylbenzene.-Dichlororesacetophenone (m. p. 190-193") 

was reduced and purified by the same method used with the dibromo derkative. The 
crystals are small snow-white prisms, which become opaque on standing. Crystallized 
from alcohol, the crystals melt a t  78-79". 

Anal. Calcd. for C8Hb02C12: C1, 34.26. Found: C1. 33.95, 34.04. 
The compound is soluble in the same solvents as the dibromo derivative, bu t  it  is 

somewhat more readily soluble in water than any of the other compounds prepared in 
this study. 

Attempts were made to prepare the conipound by chlorination of ethylresorciliol 
in acetic acid a ~ d  other solvents. The same compound apparently was formed, but 
owing to its solubility in water and other solvents, i t  proved more difficult to  purify 
than when prepared by the reduction method. 

3,s-Dibromo-2,4-dihydroxy-1-propy1benzene.-When propylresorcinol was bro- 
minated in acetic acid solution, on dilution an oil separated, which was washed and its 
alcoholic solution refluxed with animal charcoal, then filtered and the filtrate diluted. 
No crystals were formed, so the solution was evaporated to dryness on a steam-bath, 
and the residue cooled with ice. Thiq gave buttons of waxy crystalline material similar 
to those of the dibromo-ethylresorcinol. Working a t  zero temperature, a few white 
crystals were obtained, but these soon melted to a pale brown oil. Attempts were made 
to obtain a crystallizable product by reduction of the dibromopropionylresorcinol, 
using the Clemmensen method. This also gave a pale brown oil, which was dissolved 
in alcohol and water, and cooled to 0" for several hours, when fine white needles formed. 
The needles melted a t  the same temperature as those obtained by the bromination 
method. Owing to the limited quantity and difficulty of separating from the solvent, 
the compound was not analyzed. 

Tribromo-2,4-di~ydroxy-l-propylbenzene.-Tribromopropionylresorcinol (m. p. 
157") was reduced by tEe Clemmensen method. The reduction was complete, as  in- 
dicated by the ferric chloride teqt. On extraction with ether and distilling off the 
solvent the residue was dissolved in alcobol and refluxed with animal charcoal. On 
dilution a yellow oil was obtained which did not crystallize when kept a t  zero tempera- 
ture for several days. The compound is being investigated further. 

Reduction of Tetrabromoresacetophenone.-Ten grams of tetrabromoresaceto- 
phenone was refluxed in 300 cc. of hydrochloric acid (20%) with the Clemmensen re- 
agent. At the end of thirty minutes the solution gave a yellowish-green color when 
tested with ferric chloride solution, indicating complete reduction of the carbonyl group. 
The solution was saturated with salt, cooled and extracted with ether. On evaporation 
of the ether an oil remained which was recrystallized from alcohol and water, giving 
long silky crystals melting a t  74-75'. As the appearance and melting point corre- 
sponded closely to  those of dibromo-ethylresorcinol, a mixed melting point was made and 
gave 74-75O, indicating that  the two compounds were identical. Two of the bromine 
atoms of tetrabromoresacetophenoue must therefore be in the methyl group of the side 
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chain of the ketone, since the 3,5-dibromo-2,4-dihydroxy-1-ethylbenzene was prepared 
by reduction of 3.5-dibromo-2,4-dihydroxyacetophenone. 

Summary 

1. Improvements in methods of preparation and purification of acyl 
and alkyl resorcinols are reported. 

2. Six new halogen derivatives of acyl and alkyl resorcinols were pre- 
pared and their properties described. 

3. Evidence was presented to establish the position of the bromine 
atoms in dibromo-ethylresorcinol and tetrabromoresacetophenone. 

PULLMAN, WASHINGTON 

NAPHTHOL STUDIES. I. THE BROMINATION OF 
I ,5-DIHYDROXYNAPHTHALENE 

The halogenation of juglone was first investigated by Wheeler and S c ~ t t . ~  
Two atoms of chlorine entered the quinone nucleus when chlorination took 
place in warm glacial acetic acid. However, under like conditions three 
atoms of bromine were substituted in the molecule. Only a dichloro and a 
tribromo derivative could be obtained by direct action of the halogens. 
Attention has now been turned to the halogenation of the dihydric naph- 
thol, 1,5-dihydroxynaphthalene, from which by oxidation with chromic 
acid, juglone is obtained. By varying the conditions we have introduced 
into the nuclei two, three and four atoms of bromine, whereas in another 
study now in progress in this Laboratory only two and three atoms of 
chlorine have been introduced into the rings. These halogenated naph- 
thols have been oxidized to halogenated naphthoquinones, but none of them 
corresponds to the halogenated juglones. 

The commercial raw material, the dihydroxynaphthalene, was purified by 
recrystallization from hot water. For bromination glacial acetic acid solu- 
tions were used for preparing the dibromo and tribromo derivatives. IO- 
dine was used as a catalyst and a temperature of 80° was necessary in order 
to obtain the best yields. Tn order to  introduce four atoms of bromine, 
a chloroform solution of the diacetate was necessary, a catalyst such as 
iodine and six moles of bromine. 

We believe that the structures indicated in the charts are the correct ones 
This paper is a portion of a thesis presented by David R. Ergle to the Faculty of 

the University of North Carolina in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy in 1930. 

'Wheeler and Scott, THIS JOURNAL, 41, 833 (1919). 
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for these new compounds. The bromine atoms in the dibromo compound 3 
are placed in the beta positions since we are dealing with naphthols. The 
naphthoquinone C is undoubtedly a para quinone since this isomer forms so 
readily in general. The tribromo naphthoquinone has been proved to be 
such (see below). In the dibromo compound it is clear that one bromine 
atom is in the quinone ring since one is readily replaced by the aniline rad- 
ical. As for the tribromo compound K, the third bromine atom enters 
para to the hydroxyl group. In this compound positions 4 and 8 are iden- 
tical. The bromine atoms in the tetrabromo compound S are placed in 
positiohs 2,4,6,8, making this a symmetrical molecule. Its oxidation by 
chromic acid yields a naphthoquinone which is a para quinone, the bromine 
atom in position 4 being lost in the process. For final proof of its structure 
the naphthoquinone was found to yield a pyroboracetate ester, a reaction 
which ties an hydroxyl group to a carbonyl group only when these are ortho 
to each other, as shown by Dimroth and Fausta and later by Dimroth.' 

When five moles of bromine were used and the reaction mixture was 
kept a t  room temperature, the dibromo compound was first formed and 
much later the tetrabromo derivative. However, one of the two acetyl 
groups in R was hydrolyzed, as proved by the formation of a monobenzo- 
ate, V. 

The dibromohydroxynaphthoquinone C is not identical with but is 
isomeric with the 2,3-dibromojuglone (m. p. 167O) of Wheeler and Naimams 
The tribromohydroxynaphthoquinone L likewise is an isomer of the tri- 
bromojuglone (m. p. 170°) of Wheeler and S ~ o t t . ~  

Experimental 

Dibromodihydroxynaphthalene 
Purification of 1,s-Dihydroxynaphthalene.-Thirty grams of the commercial 

product was made into a thick paste with water, suspended in 3 liters of water con- 
taining 200 cc. of methyl alcohol and boiled under a reflux for three hours. After cooling 
to 80 O it was saturated with sulfur dioxide and then digested below the boiling point for 
an hour. It was filtered on a large fast filtering paper in a hot water funnel, the filtrate 
falling on crushed ice; nearly colorless needles, m. p. 258'; yield, 15-20 g. 

2,6-Dibromo-1,s-dihydroxynaphthalene, C1oH4(OH)zBrz(B).-This compound was 
first made at  room temperature but the yield was greatly increased when the tempera- 
ture was elevated; 10 g. of dihydroxynaphthalene was dissolved in 350 cc. of glacial 
acetic acid, a few small crystals of iodine were added and, while the solution was stirred 
and kept a t  SO0, 6.5 cc. of bromine (2 moles) dissolved in 25 cc. of glacial acetic acid was 
added dropwise during the course of thirty minutes. On cooling the solution, the 
product crystallized out in pale olive green needles. It was washed on the filter with 
petroleum ether; weight, 14.5 g. or 76% of the theoretical yield; colorless needles on 

8 Dimroth and Faust, Ber., 54,3021 (1921). 
4 Dimroth, Ann., 446, 108 (1926). 
6 Wheeler and Naiman, THIS JOURNAL, 44,2333 (1922). 
6 Wheeler and Scott, ibid., 41, 838 (1919). 



recrystallizing from glacial acetic acid. The substance darkens a t  200' and does not 
melt a t  300 ". It is soluble in ether and dilute sodium hydroxide, difficultly soluble in 
chloroform and insoluble in carbon tetrachloride. 

Anal. Calcd. for CIOIIGOZB~Z: Br, 50.31. Found: Br, 50.52 
Diacetate, C1UH4(0COCH3)2Br2(G).-Compound B was heated with an excess of 

acetic anhydride for an hour a t  100°, giving straw yellow needles, colorless on recrys- 
tallizing from alcohol; product rn. p. 228"; soluble in ether, benzene and acetic acid; 
insoluble in petroleum ether. 

Anal. Calcd. for C14H1004Br2: Br, 39.80. Found: Br, 39.68. 
Dimethyl Ester, CI~H~(OCH~)~B~~(I).-CO~~OU~~ B was dissolved in 2 moles of 

dilute sodium hydroxide. To  this solution a t  60° a n  excess of dimethyl sulfate was 
added in small amounts until an acid reaction was obtained. More alkali was added 
and more sulfate but not enough to give an acid reaction. Reddish-purple crystals 
formed. These were washed on the filter with water. An alcoholic solution with char- 
coal was boiled until colorless. The filtered solution was concentrated and gave a 
small amout of colorless microscopic plates which melted a t  161 O.  The dimethyl ether 
is soluble in ether, benzene and chloroform; slightly soluble in cold alcohol and in pe- 
troleum ether. 

Anal. Calcd. for Cl2HloOzBrz: Br, 46.24. Found: Br. 45.90. 

Br 

OCH3 OH 
I 161" B Dec. 

r Bro3r 
Br\/ 

OH OH OAc 0 
D Dec. 

C 202 O 

Ani 1 line 

Diethyl Ether, CIOH4(0C2H~)2Br2(J).-The crude product was a dull red solid. 
This was dissolved in benzene and boiled. After filtration the solvent was distilled 
off and the pink residue was recrystallized from hot alcohol as nearly colorless needles, 
m. p. 148'; soluble in benzene, slightly soluble in cold acetic acid and insoluble in 
petroleum ether. 

Anal. Calcd. for C14HuOzBrz: Br, 42.89. Found: Br, 42.77. 
Dibenzoate, C ~ O H ~ ( O C O C G H ~ ) ~ B ~ ~ ( H ) . - T ~ ~  dibenzoate was prepared by treating 

a pyridine solution of B with an excess of benzoyl chloride. Much heat was evolved 
and the whole quickly became a solid mass of yellow crystals. Addition of water gave 
a heavy yellow oil which was washed with sodium hydroxide and finally with water. Ad- 
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dition of alcohol changed the oil to a solid. This was recrystallized from warm pyridine 
as colorless needles, m. p. 262 "; slightly soluble in hot acetic acid; insoluble in ether and 
in alcohol. 

A n d .  Calcd. for Cz4HI404Bra: Br, 30.41. Found: Br, 29.94. 

2,6-Dibromo-5-hydroxy-1,4-naphthoquinone, C1&I3O20HBrz(C).-To a suspension 
of 10 g. of B in 200 cc. of glacial acetic acid was added at  one time 20 g. of chromic acid 
dissolved in the smallest amount of water. The mixture turned red, effervesced and the 
temperature rose to 85'. During the vigorous effervescence, which continued for about 
%teen minutes, the material went into solution with a brownish-yellow color. Some- 
times it was necessary to start the evolution of gas by warming the mixture. The 
oxidation was complete when a drop of the solution showed red needles under the micro- 
scope, about fifteen minutes in time. After cooling the solution the crystals were a- 
tered off and washed with water; weight, 2.8 g. On recrystallizing from hot acetic acid, 
the product was obtained in rich red needles, sharply pointed and in clusters; m. p. 
202"; soluble in benzene and in chloroform; difficultly soluble in ether and alcohol. It 
dissolves in alcoholic sodium hydroxide with a purple color which quickly changes to red. 

Anal. Calcd. for CloH40~Br~: Br, 48.19. Found: Br, 48.11. 
Acetate, CloH3O2(0COCH8)BrZ(E).-The quinone was boiled in acetic anhydride 

for fifteen hours and the product recrystallized from hot alcohol as golden-yellow needles. 
m. p. 148'; soluble in acetic acid and insoluble in petroleum ether. 

Anal. Calcd. for Cl~H804Brz: Br, 42.78. Found: Br, 42.95. 
2,6-Dibromo-1,4,5-trihydroxynaphthalene, CloH3(0H)3Brz(D).-One gram of C 

was dissolved in 35 cc. of warm acetic acid. The solution was shaken with additions 
of zinc dust until the red solution became pale yellow. The filtered solution was dropped 
upon crushed ice. The crystals so obtained were recrystallized from alcohol by adding 
water until separation began; colorless needles, darkening at  110' and decomposing a t  
157"; very soluble in acetic acid, less soluble in carbon tetrachloride and insoluble in 
petroleum ether; dissolves in dilute sodium hydroxide with a violet coloration, quickly 
turning to a reddish-brown; readily oxidized back to the quinone with ferric chloride. 

Anal. Calcd. for CIoH6O8Br2: Br, 47.90. Found: Br, 47.74. 
6-Bromo-5-hydroxy-2-anilino-1,4-naphthoqone, CloHaOzOHBrNHCaHs(F).- 

One-half gram of C was dissolved in 70 cc. of hot alcohol, 1.5 g. of aniline was added and 
the solution boiled for five.minutes. Needles of gun metal luster and red by transmitted 
light resulted. When heated a red vapor was evolved at  190". After recrystallization 
from hot benzene the melting point was 249 O. 

Anal. Calcd. for C16H100~NBr: Br. 23.25. Found: Br, 23.27. 
Further Notes on Compound C.-An attempt was made to prepare the pyro- 

boroacetate ester. A reddish-purple color was obtained and a product which was too 
unstable to be isolated. 

If a glacial acetic acid solution of C is treated with a little concd. nitric acid, short 
yellow needles crystallize out. This product explodes a t  243". I t  dissolves in dilute 
sodium hydroxide, giving a red solution which stains the skin. I t  contains nitrogen but 
no bromine. 

Tribromodihydroxynaphthalene 
2,6,8-Tribromo-1,s-dihydroxynaphthalene, CloH,(OH)~Br3(K).-Twent~ grams of 

dihydroxynaphthalene was dissolved in 700 cc. of hot glacial acetic acid and a few crys- 
tals of iodine added. While the temperature was maintained at  80' a solution of 19.5 
cc. of bromine dissolved in 50 cc. of glacial acetic acid was added as follows: 46 cc. was 
allowed to drop in slowly. Much hydrogen bromide was evolved. One-half of the re- 
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mainder was added in one portion and after ten minutes the last portion was added 
slowly. The solution was removed from the water-bath, allowed to stand for fifteen 
minutes and then cooled. The pale greenish-yellow crystals which formed were atered 
and washed with petroleum ether; weight, 35 g. or 70.5y0 of the theoretical. Puri- 
fication was effected by dissolving the product in glacial acetic acid a t  100" (decomposes 
a t  higher temperatures), shaking with charcoal and filtering. An abundant mass of 
colorless cotton-like crystals appeared on cooling. The substance melts with decom- 
position a t  189". is soluble in acetone and in ether, slightly in cold acetic acid and in- 
soluble in petroleum ether. 

Anal. Calcd. for CloH602Br3: Br, 60.45. Found: Br, 60.08. 
I t  is converted by concd. nitric acid into a compound containing nitrogen but no 

bromine. I t  consists of yellow needles which explode at  249" and dissolve in dilute 
sodium hydroxide with a blood red color. 

Acetic +- 
anhydride 

B GOr 
OAc 0 

Diacetate, Cl0H3(OCOCH8)2Br~(Q).-Compound K was boiled for four hours with 
acetic anhydride, giving yellow needles which became colorless on boiling an alcoholic 
solution with charcoal; m. p. 174@; soluble in benzene; insoluble in ether. 

Anal. Calcd. for Cl,Ho04Brs: Br, 49.89. Found: Br, 49.78. 
Dibenzoate, Cl&(0C0CeH~)zBrj(N).-Compound K was treated in pyridine 

solution with benzoyl chloride. The yellow crystals which formed were changed to an 
oil with water. The ether solution of the oil was decolorized with charcoal. On mixing 
the filtered solution with petroleum ether, colorless microscopic plates slowly formed. 
The substance liquefies with turbidity a t  185" but becomes transparent at  189". It is 
soluble in ether and in chloroform, insoluble in acetic acid, acetone and carbon tetra- 
chloride. 

Anal. Calcd. for C24HlaOJ3rr: Br, 39.67. Found: Br, 39.47. 
Dimethyl Ether, CloH,(OCH,)2Br3(P).-The crude product was a reddish-purple 

solid but in alcoholic solution charcoal removed the color; colorless needles, m. P. 149 "; 
easily soluble in benzene and in ether. insoluble in petroleum ether. 



Anal. Calcd. for C1,Hg02Bri: Br, 56.47. Found: Br, 56.26. 
Diethyl Ether, Clo~(OCJl~)~B~3(0).-The crude product crystallized from hot 

alcohol in colorless needles, m. p. 125"; solubilities as above. 
Anal. Calcd. for C1,HlsOsBra: Br, 52.98. Found: Br, 52.68. 
2,6,8-Tribromo-5-hydroxy-1,4-naphthoquinone, ClaHa0z0HBr~(L).-To a sus- 

pension of compound K dissolved in 250 cc. of glacial acetic acid was added 20 g. of 
chromic acid dissolved in very little water. The temperature rose to 55'. It was heated 
to 80° for about fifteen minutes while vigorous effervescence occurred. It was then 
heated for ten minutes longer. The solution was filtered and poured into much cold 
water. The orange-colored precipitate was filtered and washed with water. It was 
dried and extracted with boiling petroleum ether. The solvent was distilled off and 
the residue recrystallized from hot glacial acetic acid; rich red needles; m. p. 196"; 
yield, small. The quinone is very soluble in chloroform and in benzene; slightly soluble 
in alcohol and in ether. 

Anal. Calcd. for CloH103Bra: Br, 58.49. Found: Br, 68.60. 
Monoacetate, C~&ZOZOCOCH~B~~(M).-T~~ quinone on boiling for seven hours 

with acetic anhydride gave an acetate consisting of golden-brown scales, m. p. 234". 
when recrystallized from acetic acid; soluble in chloroform, insoluble in aIcohol and in 
petroleum ether. 

Anal. Calcd. for ClzHrOlBrs: Br, 52.98. Found: Br. 52.84. 

Tetrabromodihydroxynaphthalene 
2,4,6,8 - Tetrabromo - 1,s - dihydroxynaphthalene, Cl~H~(OH)zBr4(S).-To 10 g. 

of diacetoxynaphthalene dissolved in 200 cc. of chloroform containing a few crystals of 
iodine was added 14 cc. of bromine. The solution was well shaken and allowed to stand. 
Much hydrogen bromide was evolved. After ten minutes the product began to crys- 
tallize out; most of the product had formed in ten hours. This was filtered off and a 
second crop was obtained a t  the end of two days; total yield, 19.5 g.; colorless glistening 
feathery needles which did not melt below 300'. It can be recrystallized from hot ben- 
zene, 90 cc. of which dissolves 0.5 g. only. The product decomposes if soivents of higher 
boiling point are used. It is insoluble in most of the organic solvents. Crystals ex- 
posed to direct sunlight turn rose-pink in color within two hours. 

Anal. Calcd. for C1&I4O2Br4: Br, 67.23. Found: Br, 67.45. 
Dimethyl Ether, Cl&b(OCHs)pBr4(T).-The methyl ether was prepared in the 

usual way and the crude product boiled in benzene with charcoal. It was then filtered 
and the solvent evaporated off. The residue was dissolved in the least amount of hot 
benzene, cooled and an equal amount of alcohol added, giving colorless microscopic 
needles, m. p. 226'; soluble in benzene and in acetic acid, insoluble in ether and in 
petroleum ether. 

Anal. Calcd. for ClzH80zBr4: Br, 63.41. Found: Br, 63.21. 
Dibenzoate, C~oHz(OCOC~~)~Br~(U).-Compound S was benzoylated by the 

Schotten-Baumann method. The product was purified as was the dimethyl ether. 
and gave irregularly shaped plates, m. p. 268'; soluble in benzene; insoluble in alcohol 
and in ether. 

Anal. Calcd. for CwHlz04Br4: Br, 46.92. Found: Br, 46.85. 
Further Notes on the Tetrabromonaphtha1ene.-Compound S was oxidized with 

chromic acid in acetic acid solution. One atom of bromine was eliminated and a qui- 
none identical with L was obtained, as was shown by its melting point. 196O, by the 
identity of the acetyl derivatives and by the following analysis. 

Anal. Calcd. for Cl&OsBrs: Br, 58.39. Found: Br. 58.41. 
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Cc‘ OAc - 

Methyl sulfate i 

Br OAc 

Benzoyl 

Br chloride 

oqtc 
5Brz V 164 

Br cOr OAc 

W 173" 

Br ('8. 0 0 

\/ 
B (OAc), 

BB Dec. 

P o r  A c t  C O r  

Bv anhydride B 

OAc OAc OH OH 
Z 185" X 140" 

Compound S gave a product with concd. nitric acid in acetic acid: chrome-yellow 
needles, m. p. 232" with decomposition. It contains nitrogen but no bromine. It 
dissolves in dilute sodium hydroxide, the solution coloring the skin red. 

Certain dibromo and tribromo derivatives follow since a part of the bromine is 
eliminated in some reactions. 

6,8 -Dibromo-2 -aniliio-5 - hydroxy- 1,4 - n a p h o q o e ,  CloH20zOHNHCsH6Brz 
(AA).-Two cc. of aniline in 5 cc. of glacial acetic acid was added to a hot solution 
of 1 g. of L in 40 cc. of acetic acid, giving an abundant yield of dark red glistening needles 
of hair-like structure, showing a green fluorescence when recrystallized from acetic acid. 
It melts a t  206" is soluble in chloroform and slightly soluble in alcohol and in ether. 

Anal. Calcd. for CI~HOO~NB~~:  Br, 37.82. Found: Br, 37.66. 
2,6,8-Tribromo-1,4,5-trihydroxynaphthalene CloN2(0H)8Br3(X).-A suspension 

of 1 g. of the naphthoquinone L in 50 cc. of ether was underlaid with 50 cc. of dilute 
sulfuric acid. This was shaken with additions of zinc dust until reduction was complete. 
The ether layer was separated and mixed with an equal volume of petroleum ether. The 
crystalline precipitate was purified from a like mixture of solvents as long silky flesh- 
colored needles which decompose a t  about 140'. soluble in alcohol and in acetic acid; 
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difficultly soluble in chloroform and in benzene; soluble in dilute sodium hydroxide 
with a purple color which changes to a reddish-brown. Ferric chloride oxidizes the 
naphthol back to the quinone. 

Anal. Calcd. for CloHs03Br3: Br, 58.11. Found: Br, 57.75. 
Triacetate, ClnH2(0COCHa)zBra(Z).-Compo~nd X was boiled with acetic an- 

hydride for seven hours: white fluffy needles from alcohol, m. p. 185"; soluble in ben- 
zene, less soluble in ether. 

Anal. Calcd. for C16H1106Br3: Br, 44.53. Found: Br, 44.31. 
Pyroboro-acetate Ester of Tribrornohydroxy-naphthoquinone (BB),-To 1 g. of 

compound L dissolved in 50 cc. of warm acetic anhydride was added 0.5 g. of pyroboro- 
acetate dissolved in the smallest amount of acetic anhydride. The flask was stoppered 
and shaken. A reddish-purple color developed and a fluorescent solid crystallized on 
cooling. The product was filtered, washed with absolute ether and dried to constant 
weight over phosphorus pentoxide; weight, 1.2 g.; hexagonal plates, possessing a green 
metallic luster but red by transmitted light. The ester was easily and completely de- 
composed to the original quinone by water. I t  was affected by even a very short ex- 
posure to the atmosphere. When heated a red vapor was evolved a t  200' but no melting 
occurred below 300 ". 

Anal. Calcd. for C:4Ha07Br3: Br, 44. 54. Found: Br, 44.47. 
Determinations were also made for boric acid, acetic acid and for the quinone resi- 

due, using the method proposed by Dimroth.' 
Anal. Calcd. for the quinone residue: 0.4592. Found: 0.4576. Calcd. for 

acetic acid: 14.9 cc. of 0.1457 N Ba(OH)2. Found: 14.8 cc. Calcd. for boric acid: 
7.4 cc. of 0.1457 N Ba(OH)z. Found: 7.4 cc. 

Bromination of Diacetoxynaphthalene in Acetic Acid.-When diacetoxynaphthalene 
is dissolved in glacial acetic acid, treated with 5 moles of bromine and allowed to stand 
a t  room temperature, a mixture of products S and W is obtained. The first crop, ob- 
tained after a few hours, was found to consist of the naphthol W. The second crop, 
after twelve hours' standing, was a mixture of W and the tetrabromo compound S. 
The naphthol was dissolved out from the mixture with acetone. After a week a final 
crop consisting of S only was recovered. Ten grams of the acetate gave 5 g. of W and 
13 g .  of S. 

2,6-Dibromo-5-acetoxy-1-naphthol, C~oH40COCH~0HBr~(W).-Colorless needles, 
m. p. 173 ", from acetic acid solution. 

Anal. Calcd. for Cl2H80~Brz: Br, 44.44. Found: Br, 44.14. 
The fact that one acetyl group was hydrolyzed was shown by the preparation of a 

monobenzoate in pyridine solution. 
2,6-Dibromo- 5 -acetoxy - 1 - benzoxynaphthalene, CloHa(0COCHa) (OCOC&)Br2 

(V).-This product, made in the usual way, was recrystallized from a mixture of equal 
parts of alcohol and petroleum ether as transparent colorless rectangular plates, m. p. 
164"; soluble in alcohol, slightly soluble in cold acetic acid and in petroleum ether. 

Anal. Calcd. for ClsH1104Br2: Br. 35.57. Found: Br, 35.48. 

Summary 

1. 1,5-Dihydroxynaphthalene in acetic acid yields with bromine in the 
presence of iodine a dibromo and a tribromo substitution product. 

2. The diacetate in chloroform solution similarly treated gives a tetra- 
bromo derivative. 

7 Dimroth, Ann., 446, 108 (1926). 
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3. The diacetate in acetic acid solution a t  room temperature gives a 
mixture of the tetrabromo derivative and a dibromo-acet~x~naphthol. 

4. The dibromo compound is oxidized by chromic acid to a naphtho- 
quinone; so also is the tribromo derivative, but the tetrabromo compound 
oxidizes with the loss of one bromine atom to the same quinone. 

5. The naphthoquinones are easily reduced to dihydric and trihydric 
naphthols. 

6. The hydroxynaphthoquinones have the 1,4-quinoid structure, as 
proved by the pyroboro-acetate reagent. 

7. A variety of derivatives is described. 
8. The naphthoquinones are isomeric with certain halogenated jug- 

tones but are not identical with any. 
CHAPEL HILL, NORTH CAROLINA 

[CONTRIBUTION FROM THE LABORATORY OF ORGANIC CHEMISTRY, NATIONAL TSINGHUA 

UNIVERSITY ] 

LEVULINIC ACID AND ITS ESTERS 
BY PETER P. T. SAH AND SHAO-YUAN MA 

REC&IVEI> JUNE 27, 1930 PUBLISHED DECEMBER IS. 1930 

While levulinic acidL is formed quite easily from glucose and other car- 
bohydrates by the action of boiling dilute mineral acids, the mechanism 
of the reaction is still obscure and there is practically no good convenient 
method for the preparation of a large amount of the acid in the laboratory. 
The common procedure described by Rischbieth2 offers experimental diffi- 
culties and gives only low yields due to incomplete disintegration of the 
carbohydrate (starch). McKenziea has recently described a procedure in 
which cane sugar is hydrolyzed with dilute hydrochloric acid, the solution 
is evaporated to dryness and the residue extracted with ether. We have 
not found that the new method has any advantage over those previously 
described. 

By repeated trials we have found commercial glucose to be a better 
starting material than sucrose. The yields were higher and the amount of 
humus substance precipitated was comparatively less. Another experi- 
mental observation we have made is that the action proceeds rapidly if the 
temperature of the solution is raised to 110'. At temperatures below this, 

(a) Nijldecke, Ann., 149, 224 (1869); (b) v. Grote and Tollens, ibid., 175, 181 
(1875); (c) v. Grote, Kehrer and Tollens, ibid., 206, 207, 226, 233, 257 (1881); (d) 
Tollens, Ber., 14,1950 (1881); (e) Kent and Tollens, Ann., 227,227 (1884); (f) Block, 
Kreckeler and Tollens, ibid., 238,287 (1887); (g) Wehmer and Tollens, ibid., 243, 314 
(1888); (h) Schuette and Sah, THIS JOURNAL, 48, 3164 (1926). 

qischbieth, Ber., 20, 1773 (1887). 
a McKenzie, "Organic Syntheses," John Wiley and Sons, Inc., New York, 1929, 

Vol. IX, p. 50. 
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the transformation of hexose to levulinic acid is very slow and incomplete 
and a large amount of intermediate decomposition product, oxymethyl- 
furfural, accumulates and is lost owing to volatilization on subsequent 
distillation or evaporation. 

Although there are quite a few functional derivatives of levulinic acid 
described in the literature, the number is still rather small. Of the esters,* 
only three, methyl, ethyl and n-propyl, have been synthesized. The ethyl 
ester has been quite thoroughly studied; the other two are only briefly 
described. We have synthesized seven esters of levulinic acid, namely, 
methyl, ethyl; n-propyl, isopropyl, n-butyl, isobutyl and isoamyl levulin- 
ates, thus adding four new esters to the list already described. These 
esters were highly purified and a few of their important physical constants 
determined. To characterize them, we have also prepared the sorrespond- 
ing semicarbazones and phenylhydrazones. Their melting points and 
nitrogen contents were accurately determined. 

Experimental 
Preparation of Levulinic Acid.-Five hundred cc, of commercial concentrated 

hydrochloric acid was mixed in a 2-liter beaker with an equal volume of water. The acid 
solution was heated to boiling and 500 g. of commercial glucose (so!id, technical lumps 
from E. Merck, Darmstadt) was added in small portions with constant stirring. The so- 
lution was boiled gently for ten minutes. After cooling, the large amount of humus ma- 
terial was filtered off by suction. Theatrate was transferred to a 3-liter round-bottomed 
flask and refluxed vigorously for a t  least twenty-four hours, in order to convert the inter- 
mediate product, oxymethylfurfural, to levuliiic acid. The humus material further pre- 
cipitated out was filtered off from time to time. The filtrate was distilled at atmospheric 
pressure until the thermometer registered at 125". The hydrochloric acid solution thus 
recovered could be used over again. The residue, after filtration, was distilled under re- 
duced pressure. The fraction boiling from 146 to 184' at  7 mm. pressure was collected 
and redistilled. Upon chilling, the practically colorless liquid solidified to large, glassy, 
shining crystals, m. p. 3335O; b. p. 245-246 O; b. p. 145 a t  4 mm. ; yield, about 150 g. 
from 1 kilo of glucose used. The acid was freely soluble in water, ethyl alcohol or ether. 

Esterification.-The acid was esterified directly with excess of absolute alcohol 
(methyl, ethyl, n-propyl, isopropyl, n-butyl, isobutyl, or isoamyl) in the presence of a 
small amount of hydrochloric acid. The procedtue described by Adkins and McElvain5 
for the preparation of ethyl benzoate was adopted. The yield was about 65% of the 
theoretical. The tables show the simple physical constants and the chemical analysis 
of the various esters prepared. These liquids, colorless and with faint pleasant odor, 
are insoluble in water (except methyl ledinate), soluble in alcohol, benzene or carbon 
bisulfide, and very soluble in ether, chloroform, carbon tetrachloride or ethyl acetate. 

Preparation of Semicarbazones.-The procedure recommended by Baeyefl was 
followed. To a solution of semicarbazide hydrochloride of known strength, the calcu- 
lated amount of potassium acetate in alcohol and the ester of levulinic acid were added. 

(a) V. Grote, Kehrer and Tollens, Ann., 206, 220-222 (1881); (b) Conrad, 
ibid., 188,225 (1877); (c) Michael, J. prakf. Chem., [2] 44, 114 (1891). 

Adkins and McElvain, "Practice of Organic Chemistry," McGraw-Bill Book 
Co., Inc., New York, 1st ed., 1925, p. 221, 

Baeyer, Ber., 27, 1918 (1894). 
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Levulinates 

Methyl 
Ethyl 
Isopropyl 
n-Propyl 
Isobutyl 
n-Butyl 
Iso-amyl 

Alkyl 

Methyl 
Ethyl 
Isopropyl 
Propyl 
Isobutyl 
Butyl 
Isoamyl 

SIMPLE CONSTANTS OF' 

B. p., OC. d i" n"," 

191-193 1.05113 1.4231 
199-201 1.01336 1.4225 
203-205 0.98422 1 .4220 
214-216 ,98988 1.4255 
222-224 .97047 1 .4264 
229-231 .97452 1.4290 
238-240 .95921 1.4310 

ALKYL LEVULINATES 
Molecular refraction 

Gladstone and Dale Lorentz s 
Obs. Calcd. Obs. 

52.36 52.27 31.52 
60.08 59.92 36.17 
67.79 67.57 40.83 
67.96 67.57 40.88 
75.63 75.22 45.48 
75.77 75.22 45.53 
83.64 82.87 50.23 

TABLE I1 

ANALYSIS OF ALSYL LEVULINATES 

Hydrogen, % Carbon, '% 
Calcd. Found Calcd. Found 

7.75 7.70 55.35 54.84 
8.39 7.91 58.30 57.84 
8.92 8.60 60.72 60.45 
8.92 9.23 60.72 60.57 
9.37 9.00 62.75 62.59 
9.37 9.81 62.75 63.22 
9.74 10.14 64.47 64.12 

md Lorenz 
Calcd. 

31.77 
36.37 
40.97 
40.97 
45.57 
45.57 
50.17 

Saponification no. 
Calcd. Found 

431.3 427.4 
389.3 392.9 
354.8 357.9 
354.8 351.3 
325.9 324.7 
325.9 322.4 
301.4 297.5 

The methyl and ethyl esters reacted very quickly. Their semicarbazones precipitated 
almost instantaneously upon shaking. The higher homologs were allowed to stand 
overnight, whereby beautiful crystals came out smoothly. They were white solids 
with definite crystalline structure, insoluble in water, only difficultly soluble in ether, 
carbon bisulfide or carbon tetrachloride, soluble in ethyl alcohol, ethyl acetate or ben- 
zene and very soluble in chloroform. 

For analysis and melting point determinations, the pure crystals were filtered off 
by suction, washed with a small amount of distilled water and dried in a vacuum over 
sulfuric acid. The nitrogen content was found by the Dumas method. 

Alkyl 

Methyl 
Ethyl 
Propyl 
Isopropyl 
Butyl 
Isobutyl 
Isoamyl ' 

MELTING POINTS AND ANALYSES OF SEMICARBAZONES 
P, mm. Nitrogen, C/o 

Formula M. p., O C .  Subs., g. N2, CC. (corr ) T, OC. Calcd Found 

C7HlsN303 142-143 0.0606 11.9 747.25 17.7 22.46 22.68 
CaHisNa03 147-148 .0422 7.4 749.54 11.0 20.89 20.79 
C9HiyN30~ 129-130 ,0620 10.8 736.3 17.0 19 53 19.87 
CsHl,N30a 141-142 ,0470 8 .1  736.7 21.0 19.53 19 40 
CloHisNaO3 102-103 .0512 8 .4  737.1 19.0 18.34 18 61 
CloH1gN303 112-113 .0520 8.3 740.1 15.0 18.34 18.43 
Ci1H21N30~ 91-92 ,0610 9.5 737.6 16 0 17.28 17 80 

Preparation of Pheny1hydrazones.-The procedure described by ~ i c h a e l ~ b a s  
followed. A saturated solution of phenylhydrazine hydrochloride was prepared by dis- 
solving the hydrochloride in about twelve parts of water. A molecular equivalent of 
alkyl levulinate was then added to the solution. Upon shaking and then standing 
for a few hours, crystals of the hydrazones separated out. They were filtered off by 
suction, pressed between filter paper and then dried in a vacuum over sulfuric acid to 
constant weight. The crystals were colorless when freshly prepared. On exposure to 
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air, they turned yellowish-brown, showing that they were unstable toward oxygen. For 
melting point determination and analysis, the compound must be freshly prepared and 
recrystallized from benzene. The hydrazones of alkyl levulinates were insoluble in 
water, soluble in ether, alcohol or carbon tetrachloride, and very soluble in benzene, 
carbon bisulfide, chloroform or ethyl acetate. Their nitrogen content was analyzed for 
by the Dumas method. 

Alkyl 

Methyl 
Ethyl 
Propyl 
Isopropyl 
Butyl 
Isobutyl 
Isoamyl 

TABLE IV 
MELTING POINTS AND ANALYSES OF PHENYLHYDRAZONES 

P, mm. Nitrogen, % 
Formula M. p.. 'C. Subs, g. Nz, cc. (con-.) T, "C. Calcd. Forind 

ClzHteNzOz 9446 0.0322 3.7 738 2 18.0 12 73 13.10 
C I ~ H ~ ~ N Z O ~  103-104 ,1142 11.8 737.4 15.0 11.97 11.89 
C14HzoNz02 88-90 .0920 8.9 748 6 17.0 11.29 11.22 
Ci4HzoNzO2 108-109 .0882 8.4 740.2 18.5 11.29 10.87 
C16HszNa2 79-81 ,1182 11.3 737.5 17.0 10.69 10 92 
ClaH2zNz02 84-86 .I062 10.0 748.5 16.0 10.69 10.96 
CleHziNz02 70-72 .0616 5.3 750.3 15.0 10.14 10.07 

Acknowledgment.-The authors wish to thank Dr. Albert Carruthers of 
the Department of Biochemistry, Peking Union Medical College, and 
Professor Tsun Chang, Head of the Chemistry Department, for their kind 
and valuable criticisms. 

Summary 

1. A simple procedure for the preparation of levulinic acid from com- 
mercial glucose is described. 

2. Seven alkyl levulinates (three previously described and four new 
compounds) have been synthesized by direct esterification of levulinic acid 
with various alcohols. The esters were obtained highly pure and their 
simple constants studied. 

3. These esters were characterized by their corresponding semicarba- 
zones and phenylhydrazones. Among these, only the ethyl derivatives 
were previously described. 
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STUDIES IN THE ANTHRONE SERIES. 
I. THE CONDENSATION OF PHTHALIDE WITH AROMATIC 

COMPOUNDS1 

BY AL STEYERMAI~ WITH JOHN H. GARDNER 

In  view of the importance in medicine of certain anthrones and dian- 
thrones such as those found in chrysarobin, i t  has seemed of interest to 
study methods for the determination of the structures of members of this 
class of compounds. Most of the work which has been done heretofore 
has been purely analytical in nature and consequently cannot be regarded 
as furnishing a final solution of the problem. The present work represents 
the beginning of a series of studies on the methods of synthesizing anthrones 
and the rules of orientation involved. 

It was shown by Mayer aad Fischbach2 that w-bromo-o-toluyl bromide 
(I) can be condensed with benzene by means of aluminum chloride to 
form anthrone (11). Using chlorobenzene, they obtained a product which 
they identified as 2-chloro-9-anthrone (111). 

0 

Since phthalide (IV) is related to w-bromo-o-toluyl bromide as an acid 
anhydride to its bromide, i t  would be expected to  undergo the same type 
of condensation reactions. As a matter of fact, King3 obtained o-benzyl- 
benzoic acid (V) by the condensation of phthalide with benzene. In the 

0'5 
' co  IV 0:::;o 

present investigation, it has been found that anthrone is formed in this 
reaction in somewhat greater quantities than the benzylbenzoic acid. 

I n  view of the work of Mayer and Fischbach and of King, and by analogy 
with the product obtained in the condensation of phthalic anhydride with 
t ~ l u e n e , ~  i t  would be expected that phthalide could be condensed with 

Based upon a portion of a thesis submitted by A1 Steyermark, Fellow in Chemistry 
and Physics, in partial falment of the requirements for the Degree of Doctor of 
Philasophy in Washington University, June, 1930. 

Mayer and Fischbach, Ber., 58, 1251 (1925). 
a King, THIS JOURNAL, 49, 662 (1927). 
' Friedel and Crafts, 4qn. chitim. plays., [6] 14,447 (1888). 
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toluenc with the formation of 2-methyl-9-anthrone (VI) and possibly o- 
(4-methylbenzy1)-benzoic acid (VII) as the principal products. However, 
on carrying out the reaction, the product was an oily mass, obviously a 
mixture, since all of the compounds which might have been expected to 
be formed are solids. On attempting to work u p  the product, a small 
amount of unchanged phthalide was the only pure substance which could 
be isolated. The crude product on oxidation gave a good yield of 2-methyl- 
anthraquinone (VIII), indicating the presence of either 2-methyl-9-an- 
throne (VI) or 2-methyl-10-anthrone (IX) or both. 

H., 

As both isomers melt a t  practically the same temperature, i t  would be 
expected that they would exhibit practically the same solubilities in all 
solvents and consequently it would be impossible to separate them by frac- 
tional crystallization. This we have found to be the case. However, the 
benzanthrones which can be obtained from them%elt 30" apart and would 
be expected to differ markedly in their solubility relationships. This was 
found to be the case. 2-Methylbenzanthrone (X), m. p. 19g0, is easily 
crystallized from a mixture of benzene and petroleum ether, while the 
isomeric 6-methylbenzanthrone (XI), m. p. 170°, is too soluble in benzene 
to be crystallized readily from it or from a mixture of benzene and pe- 
troleum ether. 

The oily mixture obtained from the condensation of phthalide with 
toluene was treated with glycerol and sulfuric acid and the product sub- 
jected to fractional crystallization from a mixture of benzene and petroleum 
ether. I n  this way, 2-methylbenzanthrone (X) was isolated, showing that  

Steyermark with Gardner, THIS JOURNAL, 52,4887 (1930). 
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2-methyl-10-anthrone was present in the original condensation product. 
From the character of that material and by analogy with the work of 
Mayer and Fischbach and of King, it is certain that the isomeric 2-methyl- 
9-anthrone was also formed, but i t  was found impossible to isolate it or 
the benzanthrone formed from it in the reaction with glycerol and sulfuric 
acid. 

On condensing phthalide with chlorobenzene, there was obtained a red, 
oily mass which, on oxidation, yielded 2-chloro-anthraquinone, indicating 
the presence of either 2-chloro-9-anthrone or 2-chloro-10-anthrone or both. 
In  this case neither the anthrones nor the corresponding benzanthrones 
could he isolated in a sufficiently pure state for identification. All indica- 
tions point to the presence of both possible isomers. 

From the results of Mayer and Fischbach and of King, it would be con- 
cluded that the condensation of phthalide with aromatic hydrocarbons 
and their derivatives takes place exclusively through the methylene group 
of phthalide with the formation of o-henzylbenzoic acids which may be 
dehydrated to anthrones. The present work demonstrates that the car- 
boxyl residue also reacts, leading to the formation of benzoylbenzyl alco- 
hols, which are dehydrated to anthrones. 

Experimental 
Anthrone.-Ten grams of phthalide was dissolved in 50 cc. of benzene in a 500-cc. 

flask provided with a reflux condenser and protected by a calcium chloride tube; 20 
g. of anhydrous aluminum chloride was added and the mixture heated on the water- 
bath for ten hours. After cooling, 100 cc. of 1:l hydrochloric acid was added and the 
excess benzene driven off with steam. The residue was cooled and the solid material 
filtered off; yield of light yellow needles from alcohol followed by recrystallization from 
3:l benzene-petroleum ether, 4 g. (28y0), m. p. 152-154'. A mixed melting point with 
anthrone showed no depression. 

For further identification, a portion was oxidized with chromic acid in glacial acetic 
acid, yielding anthraquinone, m. p. 282-284". Another portion was methylated by the 
method of Meyer and Schlosser6 to 9-anthranol methyl ether, m. p. 94-95'. 

Condensation of Phthalide with Toluene.-A mixture of 15 g. of phthalide in 90 
cc. of toluene with 30 g. of anhydrous aluminum chloride was heated for fifteen hours on 
the steam-bath. On working up the product as was done with anthrone, there was ob- 
tained a n  oily mass from which no pure compound could be isolated. 

Oxidation of the Phthalide-Toluene Condensation Product.-Two grams of the 
crude product was dissolved in 15 cc. of glacial acetic acid and a solution of 0.6 g. of 
chromic acid in 6 cc. of 50% acetic acid was added. After heating on the water-bath 
for five minutes, the product was precipitated by the addition of water, giving nearly 
colorless needles from alcohol, m. p. 16&170 ". A mixed melting point with 2-methyl- 
anthraquinone showed no depression. 

Preparation of 2-Methylbenzanthrone from the Phthalide-Toluene Condensation 
Product.-The oily mass obtained in the condensation described above was dissolved 
in 150 cc. of 82% sulfuric acid and 20 g. of glycerol was added. The mixture was heated 
in a n  oil-bath at  125-130" for four hours. The red solution was then poured onto 

Meyer and Schlosser, Ann.. 420, 126 (1920). 
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cracked ice. The olive-green precipitate was extracted with 500 cc. of hot lY0 sodium 
hydroxide solution. After washing with water and drying, the residue was extracted 
with hot benzene. After cooling and adding petroleum ether, the benzene extract de- 
posited 3.5 g. of yellow needlcs of 2-methylbenzanthrone, m. p. 198.5-199O, from ben- 
zene and petroleum ether. A mixed melting point with 2-methylbenzanthrone pre- 
pared from 2-methyl-9-anthroxle showed no dep~ession.~ 

Anal. Subs., 0.1033: C02, 0.3403; H20, 0.0444. Calcd. for ClaHlnO; C, 88.49; 
H, 4.91. Found: C, 88.35; H, 4.81. 

Condensation of Phthalide with Ch1orobenzene.-A mixture of 10 g. of phthalide in 
55 cc. of chlorobenzene with 20 g of anhydrous aluminum chloride was heated in an oil- 
bath a t  125130° for fifteen hours. The resulting product was worked up as  before. 
No pure compound could be isolated. 

A portion of the crude condensation product on oxidation with chromic acid gave 
2-chloro-anthraquinone, m. p. 206-207'. On attempting t o  prepare a chlorobenzan- 
throne, a mixture which could not be separated into its components was obtained. 

Summary 
1. Phthalide can be condensed with aromatic hydrocarbons and their 

derivatives with the formation of anthrones. 
2. Condensation takes place both through the methylene and the 

carboxyl residues of phthalide resulting in the formation of a mixture of 
isomers and rendering the method unsuitable for the synthesis of anthrones 
of definite structure. 

ST. LOUIS, MISSOURI 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF WASHINGTON UNIVERSITY] 

STUDIES IN THE ANTHRONE SERIES. 
II. THE SYNTHESIS OF SOME HYDROXYMETHYLANTHRONES1 

Since the most important of the naturally occurring anthrones are 
derived from 1,s-dihydroxy-3-methylanthraquinone and some related 
compounds, i t  has seemed of interest to study methods for the synthesis of 
hydroxy- and hydroxymethylanthrones which will afford definite proof 
of the structures of the products obtained. Most of the work which has 
been done on the determination of the structure of this class of compounds 
has been analytical in nature and has not always led to concordant re~u1t.s.~ 
The only synthetic method which has been extensively investigated is 
the phthalaldehyde acid condensation method originated by Bistrzycki, 
which has been extended and improved by Adams and his students. The 

' Based upon a portion of a thesis submitted by A1 Steyermark, Fellow in Chem- 
istry and Physics, in partial fulfilment of the requirements for the Degree of Doctor of 
Philosophy in Washington University, June, 1930. 

Cross and Perkin, J. Chem. Soc., 292 (1930). and previous papers by  Perkin and 
his co-workers; Green. ibid.. 2341 (1927). 
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number of compounds obtainable in this way is distinctly limited owing 
to  the3 difficulty of preparing suitable substituted phthalaldehyde acids. 

The most commonly used method for the preparation of anthrones 
has been the reduction of the corresponding anthraquinone with tin and 
hydrochloric acid in glacial acetic acid solution. This method was applied 
to 1-hydroxyanthraquinone by Liebermann and Mamlock and by Meyer 
and Sander,4 but no satisfactory evidence as to the structure of the product 
obtained was presented until Cross and Perkin6 showed that the benzan- 
throne which was obtained from it could not be methylated with methyl 
iodide and alkali, indicating that the carbonyl and hydroxyl groups are 
adjacent to  each other. From this it must be concluded that the product 
is 1-hydroxy-9-anthrone (I). In the same paper they describe the prepara- 
tion of an isomer, presumably 1-hydroxy-10-anthrone (11), obtained by 
the reduction of the acetate of 1-hydro~yanthraquinone.~ 

n 

In  this work the first step was the confirmation of the conclusions of 
Cross and Perkin by direct synthesis. o-(2-Hydroxybenzoy1)-benzoic 
acid was reduced to o-(2-hydroxybenzy1)-benzoic acid (lII), which was 
in turn dehydrated to 1-hydroxy-10-anthrone. This compound, which 
formed colorless needles melting a t  241-2O, agreed in all of its properties 
with the compound obtained by Cross and Perkin by the reduction of the 
acetate of 1-hydroxyanthraquinone. The compound obtained on the 
reduction of 1-hydroxyanthraquinone itself, however, formed canary 
yellow needles melting at 137.5-138' and consequently can be only 1- 
hydroxy-9-anthrone. From this it is concluded that the hydroxyl group 
in the a-position of the anthraquinone molecule directs the reduction to 
the carbonyl group farthest removed. 

By a similar method, Barnett and Goodway7 showed that the reduction 
of 2-methylanthraquinone yields a mixture of both possible isomeric 
methylanthrones. A repetition and extension of their work indicates 
that by far the major part of the product is 2-methyl-10-anthrone (IV) 
since only 2-methylbenzanthrone (V) can be obtained from the crude mix- 

Brubaker and Adatns, THIS JOURNAL, 49, 2279 (1927), give a bibliography of the 
work in this field. 

Liebermann and Marnlock, Ber., 38, 1784 (1905); Meyer and Sander, Ann.,  
420, 113 (1920). 

Cross and Perkin, J. Chem. Soc., 292 (1930). 
Ref. 5, p. 306. 
Barnett and Goodway, ibid., 1754 (1929). 
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Lure. Using pure Smethyl-10-anthrone there was no increase in the yield 
of 2-meth~lbenzanthrone.~ Consequently, we may conclude that the 
methyl group in the P-position in the anthraquinone molecule directs 
the reduction to the carbonyl group in the meta position of its ring. 

Since the reduction of 1-hydroxyanthraquinone yields a single product 
and that of 2-methylanthraquinone a mixture, it would be expected that 
when the orienting influences of the two groups conflict, the hydroxyl 
group would dominate. This could be tested in the reduction of l-hydroxy- 
2-methylanthraquinone. 

By the reduction of o-(2-hydroxy-3-methylbenzoy1)-benzoic acid, there 
was obtained o - (2 - hydroxy - 3 -methylbenzyl) - benzoic acid (VI). This 
compound, by treatment with sulfuric acid, yielded 1-hydroxy-2-methyl- 
10-anthrone (VII) as colorless needles melting at 207.2-208'. On reducing 
1-hydroxy-2-methylanthraquinone there was obtained an anthrone which 
crystallized in the form of yellow needles melting at 136.2-137O and which 
must be 1-hydroxy-2-methyl-9-anthrone (VlII), showing that the hydroxyl 
group has a stronger directive influence in the reduction of the carbonyl 
group of an anthraquinone derivative than does the methyl group, as was 
expected. 

0 

In the same way, the reduction of 1-hydroxy-3- and kmethylanthra- 
quinme was investigated. In each case the corresponding methyl-l- 
hydroxy-9-anthrone was obtained. Both of these anthrones crystallized 
as canary yellow needles. 

By dehydration of o-(2-hydroxy-4-methylbenzy1)- and o-(2-hydroxy-5- 
methylbenzy1)-benzoic acid, there were obtained 1-hydroxy-3- and 1- 
hydroxy-4-methyl-10-anthrone, both forming light colored or colorless 
needles melting at much higher temperatures than the isomeric l-hydroxy- 
9-anthrones. 

It is of interest to note that the 1-hydroxy-9-anthrones are in every case 
colored while the isomeric 1-hydroxy-10-anthrones are, with one exception, 
colorless. 1-Hydroxy-3-methyl-10-anthrone could never be obtained 
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entirely colorless, but the best samples which were obtained appeared to  
be slightly impure and it is believed that the color would be removed on 
complete purification. It seems reasonable to believe that the color of the 
1-hydroxy-9-anthrones may be due to a benzenoid-quinoid tautomerism 
such as has been suggested for the hydroxyanthraquinones and demon- 
strated in one case,8 the two forms represented by Formulas IX and X 
being in equilibrium. 

0 

Experimental 
2-~eth~l-~0-anthrone.-2-~eth~1anthra~uinone was reduced to the mixture of 

anthrones by the method of Barnett and Goodway.9 After five recrystallizations from 
alcohol there was obtained an 8.8% yield of 2-methyl-10-anthrone, m. p. 101-102". 

2-Methyl-9-anthrone.-The isomeric 2-methyl-9-anthrone was obtained from p- 
toluyl-o-benzoic acid by the method of Limpricht.lo The product melted a t  102-103" 
and showed the same solubilities in alcohol, benzene, petroleum ether and various other 
solvents as 2-methyl-10-anthrone, explaining the extreme difficulty found in the sepa- 
ration of the two isomers. 

2-Methy1benzanthrone.-Three grams of the crude mixture of methylanthrones 
obtained in the reduction of 2-methylanthraquinone was converted into the benzan- 
throne by the method of Scholl and Seer." After recrystallization from a mixture of 
benzene and petroleum ether there was obtained 1 g. of 2-methylbenzanthrone, m. p. 
198-199 ". None of the isomeric 6-methylbenzanthrone could be isolated. Using pure 
2-methyl-10-anthrone did not increase the yield. 

o-(2-Hydroxybenzoy1)-benzoic Acid and its Homo1ogs.-Phthalic anhydride was 
condensed with phenol and with the three cresols according to the procedure of Ullmann 
and Schmidt.12 In this way there were obtained o-(2-hydroxybenzoy1)-benzoic acid and 
the three isomeric o-(2-hydroxyrnethylbenzoy1)-benzoic acids. It was noted, however, 
that,  contrary to the results of Ullmann and Schmidt, on condensing phthalic anhydride 
with phenol and with o-cresol, there was formed a larger proportion of the benzoyl- 
benzoic acid in which the condensation had taken place in the position para t o  the hy- 
droxyl group than that in which the condensation had taken place in the ortho position. 

Conversion of the Benzoylbenzoic Acids into Anthraquinone Derivatives.-One 
part of each of the benzoylbenzoic acids was mixed with two parts of boric acid and 
dissolved in 15-20 parts of fuming sulfuric acid of a suitable concentration. The solu- 
tions were heated for varying times and a t  various temperatures and were then poured 
onto cracked ice. The resulting yellow precipitates were coagulated by warming and 
filtered off. The anthraquinone derivatives were purified by solution in l0Djo sodium 
carbonate, precipitation with carbon dioxide and crystallization from alcohol. All 

Zahn and Ochwat, Ann., 462,72 (1928). 
Barnett and Goodway, J. Chem. Soc., 1754 (1929). 

lo Limpricht, Ann., 314, 237 (1901). 
l1 Scholl and Seer, ibid., 394, 111 (1912). 
l2 Ullmann and Schmidt, Ber., 52,2098 (1919). 
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formed yellow needles. The details are given in Table I. All of these compounds had 
been prepared previously and their properties agree with those given by previous in- 
vestigators. 

TABLE I 
PREPARATIVE DATA 

% Exce~s  Temp., Time, 
( )-Anthraquinone SO8 "C. minutes Yield, % M P , O C .  

1-Hydroxy- 20 150 5 52 19 1-2.5" 
1-Hydroxy-2-methyl- 10 100 5 62 184-5b 
1-Hydroxy-3-methyl- 20 150 25 88 1 77-8" 
1-Hydroxy-4-methyl- 0 100 30 72 174-5d 

" Birukoff, Ber., 20, 2438 (1887), and Ullmann and Conzetti, ibid.,  53, 828 (1920), 
give m. p. 193". Bentley, Gardner and Weizmann, J. Chem. Soc., 91, 1626 (1907), 
Copisarow, ibid., 117, 209 (1920), and Keimatqu and Hirano, Clzem. i lbstracts ,  23, 
3464 (1929), give the same value. Rentley, Gardner and Weizmann, ref. b, and Romer 
and Link, Ber., 16, 700 (1883), give the same value. Ullmann and Schmidt, ibid.,  
52,2098 (1919), give 175'. 

o-Benzylbenzoic Acids.-To a solution of one part of the benzoylbenzoic acid In 
three parts of water and 18-20 parts of concentrated ammonium hydroxide there was 
added three parts of zinc dust. The mixture was then heated gently for ten to twelve 
hours with mechanical stirring, ammonium hydroxide being added from time to time to 
maintain the concentration. The solution was filtered from the zinc and the o-benzyl- 
benzoic acid precipitated by acidification with hydrochloric acid. The products were 
purified by solution in ammonium hydroxide, precipitation with hydrochloric acid and 
recrystallization from 50% methyl or ethyl alcohol, using decolorizing carbon, and from 
a mixture of benzene and petroleum ether. All of the acids were obtained as colorless 
needles. The yields and properties are given in Table 11. 

YIELDS AND PROPERTIES 

Calcd., % Found, % 
a-( )-benzoic acid M. p., "C. Yield, % C H C H 

(2-Hydroxypheny1)- 1 3 3 . H . 5  98 73.66 5.30 73.31 5.09 
(2-Hydroxy-3-methylbenzy1)- 158.2-159 85 74.36 5.83 74.11 5.60 
(2-Hydroxy-4-methylbenzy1)- 1234  77.6 74.36 5.83 73.97 5.61 
(2-Hydroxy-5-methylbenzyl) - 129-130 84.5 74.36 5.83 74.01 5.58 

1-Hydroxy-9-anthrones.-To a solution of one part of the anthraquinone derivative 
in 40-50 parts of glacial acetic acid in a flask fitted with a reflux condenser there was 
added two to three parts of granulated tin. The solution was heated to boiling and three 
to four parts of concentrated hydrochloric acid was added in small portions during 
forty-five minutes. After the last addition of hydrochloric acid, the contents were 
boiled for an hour and then filtered while hot. Upon cooling, the filtrate deposited 
yellow needles of the anthrone. A further quantity was obtained by the addition of very 
dilute hydrochloric acid. The anthrones were purified by recrystallization from alcohol. 
The yields and properties are given in Table 111. 

1-Hydroxy-10-anthrone.-One part of the o-benzylbenzoic acid was dissolved in 20 
parts of cold concentrated sulfuric acid and allowed to stand a t  room temperature for 
two hours, except that the preparation of 1-hydroxy-3-methyl-10-anthrone required 
fifteen hours. The resulting anthrones were precipitated by pouring the sulfuric acid 
solutions over cracked ice. They were purified by crystauization from alcohol and then 
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YIELDS AND PROPERTIES 

Calcd., % p a  % 
-9-Anthrone M. p., OC. Yield, 7% C H H 

1-Hydroxy- 137.5-8" 89 . . . . . . . . . . 
1-Hydroxy-2-methyl- 136.2-7 94 80.47 5.39 80.59 5.54 
1-Hydroxy-3-methyl- 158.2-9 85 80.47 5.39 80.38 5.19 
1-Hydroxy-4methyl- 167.4-8.2 94 80.47 5.39 80.11 5.13 

" Liebermann and Mamlock, Ber.. 38, 1784 (1905), give 138"; Meyer and Sander, 
Ann., 420, 113 (1920), give 133-135O. 

from a mixture of benzene and petroleum ether. All of the anthrones were colorless 
needles except 1-hydroxy-3-methyl-10-anthrone, which remained light tan in color 
after a number of recrystallizations. The yields and properties are given in Table IV. 

TABLE IV 
YIELDS AND PROPERTIES 

Calcd., % C F ~ ~ n d .  % 
-10-Anthrone M. p. OC. Yield, % C H H 

1-Hydroxy- 241-2" 82 79.97 4.80 79.69 4.65 
1-Hydroxy-2-methyl- 207.2-8 93 80.47 5.39 80.10 5.20 
1-Hydroxy-3-methyl- 258-9 66 80.47 5.39 79.99 5.11 
1-Hydroxy-4-methyl- 226.2-7 97.5 80.47 5.39 80.25 5.22 

" Cross and Perkin, J. Chem. Soc., 306 (1930), give 240-242". 

Summary 
1. The reduction of 1-hydroxyanthraquinone and its homologs yields 

only the corresponding 1-hydroxy-9-anthrone. 
2. 1-Hydroxy-10-anthrone and its homologs can be obtained from 

suitable o-benzoylbenzoic acids by reduction to the corresponding o- 
benzylbenzoic acids and dehydration. 

3. 1-Hydroxy-9-anthrone and its homologs are bright yellow, while 
1-hydroxy-10-anthrone and its homologs are colorless, suggesting the 
possibility of benzenoid-quinoid tautomerism in the former case. 

ST. LOUIS, MISSOURI 



a,@-DIPHENYLETHYI. I: 1 THER 

[CONTRIBUTION NO. 34 PROM THE CHEMICAL LABORATOR\' OF THE UNIVERSITY OR UTAII] 

ALPHA,BETA-DIPHENYLETHYL ETHER AND ALPHA-(PARA- 
METHOXYPHENYL-BETA-PHENYL)-ETHYL ETHER 

111 an attempt to oxidize the secondary alcohol, p-methoxyphenylbenzyl- 
carbinol, with nitrogen trioxide, an unknown substance containing neither 
carbonyl groups nor t~itrogeli was obtained. Analyses and molecular 
weight determinations, as well as chemical properties, showed that the 
carbinol had been dehydrated to the corresponding ether, a-(p-methoxy- 
pheny1)-8-phenylethyl ether. A similar reaction has been observed by a 
number of in~estigators,~ who have shown that various acid reagents 
dehydrate diphenylcarbinol to its ether. 

The new substance was also obtained in the preparation of p-methoxy- 
phenylbenzylcarbinol, using the reaction of benzylmagnesium chloride with 
ani~aldehyde.~ The largest yields of the compound were obtained when 
the magnesium derivative was decomposed with a mixture of ice and con- 
centrated hydrochloric acid. Following this procedure, no carbinol was 
isolated a t  all, and the major product was the dimolecular ether. Suspect- 
ing that dehydration of the carbinol was effected by the hydrochloric acid, 
several experiments were conducted using the pure carbinol, and varying 
ether-hydrochloric acid solutions. When the solution contained consider- 
able acid, the carbinol was dehydrated to form p-methoxystilbene ex- 
clusively. Smaller concentrations of acid, however, in contact with an- 
hydrous calcium chloride did give small amounts of the ether. The 
remainder of the carbinol was unchanged. The effect of the nitrogen tri- 
oxide gas, then, appeared to be that of an acid dehydrating agent similar 
to, but more effective than, hydrochloric acid. The larger yield of the ether 
from the Grignard reaction indicated that the dehydration occurred during 
the reaction or the process of decomposition of the magnesium derivative 
with the acid rather than a subsequent dehydration of the carbinol in an 
acidic ether extract. 

Phenylbenzylcarbinol was transformed into its ether with somewhat 
greater difficulty than the methoxyl derivative. The method using nitro- 
gen trioxide was not nearly as effective, nor was any ether isolated from 
the product of the reaction of benzylmagnesium chloride with benzalde- 

(a) Linnemann, Ann., 133, 6 (1864); (b) Zagumenny, ibid., 184, 174 (1876); (c) 
Hofmann, Roth, Hobold and Metzler, Ber., 43, 2629 (1910); (d) Adams and Weeks, 
Twrs JOURNAL, 38, 2516 (1916); (e) Szperl and Wierusz-Kowalski, Chem. Polski, 
15, 23 (1917). Chem. Abst., 13, 2865 (1919). 

2 The ether of diphenylcarbinol was also obtained, among other products, by Oddo, 
Gazz;. chim. ital., 111] 37, 356-66 (1907), from bromobenzene, magnesium, pyridine and 
benzaldehyde. 
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hyde. Small quantities of the ether were obtained, however, by the action 
of hydrochloric acid in an ether solution of the carbinol in contact with 
anhydrous calcium chloride. 

Experimental Part 
Preparation of a-(p-Methoxypheny1)-8-phenylethyl Ether. (a) By the Action 

of Nitrogen Trioxide on p-Methoxyphenylbenzylcarbino1.-Thirty grams of pure p- 
methoxyplienylbenzylcarbinol was dissolved in 100 cc. of absolute ether and a slow 
stream of nitrogen trioxide from arsenic trioxide and nitric acid (sp. gr. 1.3) passed 
through the solution for twenty hours. The solid that crystallized out weighed nearly 
8 g. and melted a t  140-145". 

(b) Preparation of the Ether in the Reaction of Benzylmagnesium Chloride with 
Anisaldehyde.-The reaction of benzylmagnesium chloride with anisaldehyde normally 
gave yields of 64% of p-methoxyphenylbenzylcarbinol melting a t  53-56" when the re- 
action mixture was carefully poured on ice and the precipitated basic magnesium salts 
dissolved with dilute sulfuric acid. None of the ether was isolated in such experiments. 
However, when the reaction mixture was poured into cracked ice and concentrated 
hydrochloric acid, the dimolecular ether separated from the solution, in which it was only 
slightly soluble, in large amounts. The oily residue failed to yield any of the carbinol, 
which is low melting. 

(c) Preparation by the Action of Hydrochloric Acid.-Dry hydrogen chloride was 
passed into an absolute ether solution of 4 g. of p-methoxyphenylbenzylcarbinol for one 
hour. The carbinol was largely dehydrated to p-methoxystilbene, as proved by a mixed 
melting point determination. The yield was 2.54 g. or 69%. 

Two grams of the carbinol and 2 cc. of concentrated hydrochloric acid were dis- 
solved in about 40 cc. of ether and allowed to stand over calcium chloride (anhydrous) 
for several hours. As before, the carbinol was changed into p-methoxystilbene. The 
yield was 1.1 g. or 60%. 

Finally 0.77 g. and 0.73 g. were allowed to stand over calcium chloride (anhydrous) 
in ether solutions containing one and two drops of concentrated hydrochloric acid, re- 
spectively. The first yielded 0.05 g. of the ether and the second 0.03 g. The remainder 
of the carbinol was recovered practically quantitatively. 

Properties and Analyses of a(pMethoxypheny1)-P-phenylethyl Ether.-The ether 
was best purified by solution in a small amount of chloroform followed by dilution with 
several volumes of hot methyl alcohol. I t  crystallized in needles of m. p. 14&149" 
(uncorr.), was readily soluble in chloroform, moderately in acetone, slightly soluble in 
ether or alcohol and insoluble in petroleum ether. 

Anal.8 Subs., 0.2409, 0.2886: C02, 0.7274, 0.8643; H20, 0.1531, 0.1770. Calcd. 
for C30H3003: C,82.19; H, 6.82. Found: C, 82.35, 81.96; H, 7.11, 6.86. 

Mol. wt.: Calcd. for CaOH3003: 438. Found: in chloroform, subs., 1.3866, 1.567; 
wt. of chloroform, 77.61; b. p. elevation, 0.200, 0.205"; mol. wt. 326.5, 368. Mol. wt. 
in camphor: subs., 0.0198, 0.0277, 0.3092; m. p. depression, 6.5, 6.9"; mol. wt., 393, 
425. 

The ether did not react with phenylhydrazine, hydroxylamine, sodium bisulfite, 
Schiff's reagent, sodium metal, nor benzoyl chloride. When boiled with hydrogen 
iodide in a Zeisel apparatus methyl iodide was produced, showing that  the methoxyl 
group had not entered into a reaction. Oxidation with chromic anhydride in glacial 
acetic acid yielded benzoic and auisic acids. Distillation yielded a new substance 
melting a t  107-log", which was not p-methoxystilbene, m. p. 136'. Bromination with 

Analysis made by Mr. D. P. Langlois of this Laboratory. 
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evolution of hydrogen bromide yielded a bromide melting at 174-175". The bromide 
was not the dibromide of p-methoxystilbene, m. p. 177". 

Preparation of a,@-Diphenylethyl Ether. (a) By the Action of Nitrogen Tri- 
oxide.-Seven grams of pl~en~lbenz~lcarbinol was dissolved in dry ether and llitrogctl 
trioxide, obtained as before, passed into the solution overnight. The ether was evqpo- 
rated and the residue extracted with methyl alcohol, which dissolved the unchanged 
carbinol, leaving 0.5 g. of a substance melting at  129-130". 

Several other experiments, in which dry nitrogen trioxide was used, failed to produce 
the compound. 

(b) By the Action of Hydrochloric Acid.-Three grams of phenylbenzylcarbinol 
was dissolved in ether and 4 cc of concentrated hydrochloric acid and anhydrous calcium 
chloride were added. The mixture was allowed to stand for one hour and then refluxed 
for an hour. More anhydrous calcium chloride was added and the flask set aside for 
three and one-half days. The ether solution was filtered and evaporated. The residue 
was dissolved in hot methyl alcohol, and on cooling 1.95 g. of slightly impure carbinol 
crystallized out. This material was extracted with a small amount of methyl alcohol, 
which left 0.135 g. of ether melting a t  123-127'. 

Properties and Analyses of a,@-Diphenyl Ethyl Ether.-The ether was purified by 
recrystallization from boiling methyl alcohol. I t  crystallized in needles, m. p. 129.5- 
130.5" (uncorr.), was readily soluble in chloroform, slightly soluble in ether or alcohol 
and insoluble in petroleum ether. 

AnaL4 Subs., 0.0512: C02, 0.1675; H20, 0.0322. Calcd. for CzsH2sO: C, 88.88; 
H,6.87. Found: C,89.21; H,7.04. 

Mol. wt.: Calcd. for CzaHneO: mol. wt., 378. Mol. wt. in camphor: subs., 0.0031; 
wt. of camphor, 0.0478; depression of melting point, 6.4'. Mol. wt. found: 383.8. 

Summary 
p-MethoxyphenyIbenzylcarbinol and phenylbenzylcarbinol have been 

found to be dehydrated to their ethers under certain acidic conditions. 

THE ABSORPTION SPECTRA OF THE GAMMA-PYRONES AND 
PYROXONIUM SALTS1 

The unusual properties of the pyrone ring have resulted in considerable 
speculation concerning its structure. Investigations of the physical and 
chemical properties of the compounds in this group have led to the formula- 
tion of several different structures for the nucleus, none of which has been 
firmly established or generally accepted. 

4 Analysis made by Mr. Berne Woolley of this Laboratory. 
The investigations upon which this article is based were supported by grants from 

the Heckscher Foundation for the Advancement of Research, established a t  Cornell 
University by August Heckscher. 

2 Heckscher Research Assistant in Chemistry and Physics a t  Cornell University, 
1928-1930. 
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Qualitative investigations of the ultraviolet absorption spectra of y- 
pyrone, y-dimethylpyrone, some of their derivatives and their salts have 
been r e p ~ r t e d . ~  Xanthene and xanthone have been studied in relation to 
th: flavones4 The absorption of chelidonic acid and pyrone have been 
examined quantitatively by Riegel and Reinhard.5 

It has been suggested as a result of a number of investigations from differ- 
ent angles of attack that the products of the action of acids upon the py- 
rones are oxonium compo~nds.~ 

In order to clarify the problem we have made a quantitative study of 
the series: y-pyrone, y-benzopyrone (chromone) and xanthone, and some 
of their derivatives. The investigation of the ultraviolet absorption spec- 
tra has been made with the Hilger sectorphotometer method as employed 
by Orndorfl, Gibbs and M c N ~ l t y . ~  The cells used were 0.331 cm. and 
1.00 cm. thick. Beer's law was found to hold for all of the solutions over 
the range of concentrations indicated in the legends on the graphs. The 
molecular absorption coefficient is represented by e .  

The spectra of the following compounds were examined in absolute al- 
cohol and alcoholic hydrogen chloride: pyrone (Fig. l ,  A and B), di- 
methylpyrone (Fig. 1, E and F), benzopyrone, (Fig. 2, D and E) and xan- 
thone (Fig. 2, A and B). Since there is a partial dissociation of the hy- 
drochloride of dimethylpyrone in ionizing solvents, the absorption was 
also measured in an ether solution of hydrogen chloride. Xanthone and 
dimethylpyrone were also examined in sulfuric acid. The compound of 
dimethylpyrone with dimethyl sulfate, which has been shown to be an 
oxonium compoundz1 was examined in alcohol (Fig. 3, D) and, to obviate 
any effects due to dissociation, in pure dimethyl sulfate (Fig. 3, E). The 
curves for the acid solutions of each of these compounds resemble those for 
the neutral solutions, except that the bands are shifted slightly toward the 
red. It is evident, therefore, that the formation of oxonium complexes 
produces no profound change in the structure of the ring. 

A possible objection which might be raised to the above conclusion is 
that Kendal16' has stated that the conlpounds of dimethylpyrone with 
numerous organic acids are colored. We have found that these compounds, 
when made from dimethylpyrone which had been sublimed and recrystal- 

(a) Baly, Collie and Watson, J. Chem. Soc., 95, 144 (1909); (b) Boon, Wilson and 
Heilbron, ibid., 105, 2176 (1914); (c) Hantzsch, Ber., 52, 1535 (1919). 

* Tasaki, Acta Phytochim., 3, 1 (1927); C. A., 22, 1591 (1928). 
Riegel and Reinhard, THIS JOURNAL, 48, 1334 (1926). 
(a) Collie and Tickle, J. Chem. Soc., 75, 710 (1899); (b) Walden, Ber., 34, 4185 

(1901); (c) Baeyer, ibid.. 43,2337 (1910); (d) McIntosh, THIS JOURNAL, 32, 542 (1910), 
(e) Kendall, ibid., 36, 1222 (1914); (f)  Rijrdam, ibid., 37, 557 (1915); (g) Gomberg and 
Cone, Ann., 376, 183 (1910). The last-named investigators are, however, opposed to 
the view that these salts are oxonium compounds. 

Orndorff, Gibbs and McNulty, THIS JOURNAL, 47, 2767 (1925). 
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lized, are colorless. When a sample of Kahlbaum's dimethylpyrone was 
used without purification, as Kendall did, colored conlpounds were pro- 
duced. 

14 

10 

ki 

6 

c.3 

2 
X 
a 

3.) X loZ 39 43 35 x lo2 39 43 
Frequency numbers. mm.-I. 

Fig. 1.-Pyrone: A,  in alcohol (coi~cn., 0.0002 to 0.00033 molar); B, 
same plus 5000 moles of HCI (concn., 0.0003 to 0.0005 molar). Di- 
methylpyrone: C, in water; D, in concd. sulfuric acid; E, in absolutc 
alcohol, or tile szme plus 200 moles of sodium ethoxide; F, in absolute 
z~lcohol plus 300 moles of HCI; G, in anhydrms ethcr; H, same plus 
2500 moles of HCI. The concentration rdrlge uszd 111 E, F, G and 1% 
was 0.0002 to  0 007 molar. 

Tliese observations lead to the conclusion that the structure of the nu- 
cleus of the pyrone ring is the same in the free pyrone as in the pyroxonium 
compounds. This is analogous to the similarity of the absorption spectra 
of the arnines and the corresponding ammonium  compound^.^ 

The earliest formula suggested for the pyrones is the ketone form, I, 
and the salts were considered to be the result of the addition of acid to  
either of the two oxygen atoms, IIa and b. From a study of the ab- 
sorption spectra Hantzschc made the suggestion that the salts were of the 
coiirdination type as shown in 111. I t  was then suggested by other in- 
vestigator~~ that an inner salt formula, IVa, would explain the anomalous 
properties of the pyrones. This formula is a modern conception of the 
formula IVb suggested by Baly3" in 1909. It is to be noted that the inner 
salt formula has a nucleus which is benzenoid and that the ketonic formula 

8 Hartley, J. Chem. Soc., 47, 685 (1885) ; Baker and Raly, zbid., 91, 1122 (1907), 
Hantzsch, Ber., 44, 1783 (1911). 

"eilbron, Barnes and Morton, J. Chem. Soc., 123, 2659 (1923). 
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I IIa IIb 

I11 IVa IVb 
FORMULAS OF PYRONE AND PYROXONIUM SALTS 

has a structure which is analog~us to the quinoid structure in the benzene 
series. Heilbron, Barnes and Mortons suggest the possibility of an equi- 

Frequency numbers, rnm.-l. 
Fig. 2.-Xanthone: A, in absolute alcohol; B, same plus 5000 moles 

HCl; C, in concd. sulfuric acid. The concentration range used in A, B and 
C was 0.00003 to 0.005 molar. Benzopyrone: D, in absolute alcohol; E, 
the same plus 5000 moles HCl. The concentration range in D and E was 
0.00005 to 0 005 molar. 

librium existing between the two forms. Since the shift from the quinoid 
to  the benzenoid type of structure always produces a marked change in 
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the absorption spectrum, such an equilibrium could be detected by this 
method. 

However, the absorption spectrum of dimethylpyrone in neutral alcohol 
is identical with that in alkaline alcohol (Fig. 1, E), and very similar to that 
in alcoholic hydrogen chloride (Fig. 1, F). This indicates that the pyrones 
do not exist in such an equilibrium in solution. ~ a l y ~ "  has reported a con- 
siderable difference between the absorption spectra in neutral and alkaline 
solutions. However, wHter was present in his solutions and it is known 
that the pyrone ring is unstable in the presence of aqueous alkali. In  our 
measurements, on the other hand, absolute alcohol was used as the solvent. 

Frequency numbers, mm.-1. 

Fig. 3.-A, 1,2,6-Trimethyl-4-pyridone, in absolute alcohol (concn., 
0.00035 to  0.004 molar); B, 4-methoxy-2,6-dimethylpyridine, in absolute 
alcohol (concn., 0.0007 to  0.004 molar); C, 2,4,6-trimethylpyroxonium per- 
chlorate in alcohol (concn., 0.0004 to  0.0015 molar); D, dirnethylpyrone 
+ dimethyl sulfate in alcohol; E, dimethylpyrone in pure dimethyl sul- 
fate (concn. of D and E, 0.0002 to  0.0017 molar); F, dimethylpyrone, see 
Fig. 1. 

To obtain further information as an aid in deciding among the proposed 
structures, the product of the action of aqueous ammonia upon the oxonium 
complex of dimethylpyrone and dimethyl sulfate was studied. This re- 
action yields 4-methoxy-2,6-dimethylpyridine, V, a compound in which 

OCHs 0 
i /I 
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only the benzenoid structure is possible. The absorption spectrum of this 
substance is compared with that of its ketonic isomer, 1,2,6-trimethyl-4- 
pyridone, VI (Fig. 3, A and B). This comparison illustrates the great 
change in character and intensity of absorption that occurs upon transition 
from the benzenoid to the quinoid type of structure. The spectrum of the 
pyridone derivative bears a close resemblance to that of pyrone, but that 
of the pyridine derivative does not. This indicates that the pyrones and 
salts correspond to the ketonic formula. Evidefitly, as a result of the 
treatment with ammonium carbonate, the cyclic nucleus of dimethylpy- 
rone has undergone a rearrangement. Since the product of this action is 
4-methoxy-2,&dimethylpyridine, i t  is assumed that the oxonium com- 
pounds are formed through the residual valences of the ketonic oxygen and 
not those of the ether oxygen. This assumption is supported by several 
investigators using different methods of study."'The free pyrone com- 
pounds would therefore be best represented by the ketonic structure I and 
the salts of the pyrones by the oxonium type of structure, IIu.~" 

Xanthene and xanthydrol are known to have a quinoid type structure 
and have been examined in comparison with the absorption spectra of 
xanthone (Fig. 4, A and B). To illustrate the similarity between the ab- 
sorption spectra of these three compounds, the frequencies of their maxima 
have been arranged in Table I. 

TABLE I 
ABSORPTION MAXIMA IN MM. -l 

Xanthone 39(i5 3270 3533 3850 4216 
Xanthene 3425 3538 4050 
Xarithydrol 3445 3533 4215 

This would indicate that the pyrone group in xanthone is similar to the 
central portion of the molecule in xanthene and xanthydrol, that is, quin- 
oid in structure. 

In order to establish that the structure of pyrone and its derivatives is of 
the quinoid type, it would be desirable to show that analogous compounds, 
in which the structure is known to be of the benzenoid type, exhibit 
entirely different absorption spectra. The compounds resulting from the 

' 0  Maass and McIntosh, THIS JOURNAL, 34, 1273 (1912); Kendall and Carpenter. 
ibid., 36, 2498 (1914); Tschelinzeff, Bz~ll. soc. chim., [4] 35, 741 (1924). The above 
statement should not be construed to mean that  i t  is impossible for the ring oxygen 
to form an oxonium compound. The evidence is simply that  the formation of oxonium 
compounds occurs with much greater ease through the ketonic oxygen, and that  
such oxonium compounds are much more stable than those derived from ethers. 

l1 This would explain the failure of the attempts by Gibson and Simonsen [ J .  
Chem. Soc., 2307 (1928)] to resolve derivatives of pyrone in the form of salts. They 
conclude that their failure indicates that the salts have the coordination formula, 111, 
but the attachment of the acid to the ketonic oxygen would also preclude the possibility 
of a resolution. 
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action of acids on xanthydrol have been formulated as oxonium compounds 
having a benzenoid structure12 and should therefore show very different 
absorption spectra from those of xanthydrol, xanthene and xanthone in a 
neutral solvent. Trimethylpyroxonium perchlorate has also been formu- 
lated as being an oxonium compound of benzenoid structure.13 A com- 
parison of the absorption spectra of these oxonium salts with their pyrone 
analogs would possibly furnish information concerning the structure of the 

latter. However, the spectrum of xanthydrol in absolute alcoholic hy- 
drogen chloride is identical with xanthene in neutral and acid solvents 
(Fig. 4, B). This indicates that the hydroxyl group has been directly re- 
placed by chlorine without any profound change in the molecular structure. 
On the other hand, in concentrated sulfuric acid and in aqueous hydro- 
chloric acid, xanthy drol exhibits an entirely different spectrum (Fig. 4, C) . 

l2 Werner, Ber., 34, 3301 (1901). 
l3 Baeyer and Piccard, Ann., 384, 208 (1911); 407, 332 (1915). Hantzsch, Kef. 3c, 

rep~rted the absorption spectra of this compound qualitatively. 
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This would indicate that the replacement or reaction of the hydroxyl 
group has been accompanied by a rearrangement of the cyclic nucleus. 

Although the spectra of xanthydrol in the acid media differ greatly 
from those of xanthone, it would not be justifiable to draw conclusions as 
to the structure of the latter. There is considerable chemical evidence 
that the structure of the xanthydrol-acid complexes is not of the oxonium 
type.14 The absorption spectra of fluoran16 and of xantheneI6 in concen- 
trated sulfuric acid are practically identical with that of xanthydrol in the 
same solvent. These two cannot rearrange in the way postulated for the 
formation of the oxonium compound of xanthydrol, without rupturing the 
molecule. The possibiIity is then indicated that the structure of these is . 
not that of an oxollium compound. This would apply also to trimethylpy- 
roxonium perchlorate, the spectrum of which is shown in comparison to that 
of dimethylpyrone (Fig. 3). If the structure is benzenoid, it should differ 
much more markedly from the spectrum of dimethylpyrone than it does. 
H a n t z ~ c h ~ ~  bases his deductions as to the structure of the pyrone salts upon 
the similarity of the spectra of these two series of salts. In the light of 
the above observations such a deduction is not justifiable until the structure 
of the perchlorate has been more firmly established. 

The authors wish to acknowledge their indebtedness to Dr. C. V. Shapiro 
for many helpful suggestions during the course of this investigation. 

Materials 
The compounds used in this investigation were prepared and purified 

by the following methods ; no particular care was given to the yield but only 
to  the purity of the product. In the spectroscopical examination, two dif- 
ferent samples were always used to aid in the detection of effects due to the 
possible presence of impurities. All melting points given are corrected. 

Pyrone was prepared by the decarboxylation of chelidonic acid as described by 
Wiilstatter and Pummerer17 and was purified by several fractionations under reduced 
pressure; b. p. 88.5 (7 mm.), m. p. 32.5 ". 

Dimethylpyrone was obtained from Kahlbaum, m. p. 132' before further purifim- 
tion. It was sublimed at  100' and twice recrystallized from redistilled ether; m. p. 
132.1 ". l8 

Benzopyrone (chromone) was prepared by the method of Ruhemann and that of 
Gomberg and Cone.1g I t  was redistilled under reduced pressure and recrystallized from 
petroleum ether (boiling point, 70-80 "). The melting point was 56 O in accordance with 
Gomberg and Cone; Ruhemann gives 59 O. 

l4 Gomberg and Cone, Ref. 6g and A m . ,  370, 152 (1909). 
lK Omdorff, Gibbs and Shapiro, THIS JOURNAL, 50,819 (1928). 
16 Unpublished data. 
17 Wiilstatter and Pummerer, Be?., 37, 3733 (1904). 
WJ Collie, J. Chem. Soc., 59, 619 (1891). 
19 Ruhemann, ibid., 77, 984, 1123, 1184 (1900); Heywang and Kostanecki, Bcr., 

35,2887 (1902); Gomberg and Cone, Ann., 376,228 (1910). 
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Xanthone was prepared according to the directions of Holleman20 and was recrys- 
tallized four times from 95% alcohol. A sample obtained from Kahlbaum was also 
purified and examined. Both samples melted at  174'. 

4-Methoxy-2,6-dimetl~ylp~ridine was prepared from purified dimethylpyrone by 
forming trimethylpyroxonium perchlorate (m. p. 192-193', with dec.), and treating 
this with a cold solution of ammonium carbonate. It was redistilled under reduced 
pressure; b. p. 99-100' (21 mm.); 203.5" (748 mm.); 446 1.015.al The refractive 
index of the first and last drops of the fraction used was n? 1.5082. 

1,2,6-Trimethyl-4-pyridone was prepared from the above methoxylutidine by treat- 
ment of the methiodide with freshly precipitated silver oxide. It was crystallized 
twice from water and once from chloroform, and dried for two days a t  140" under re- 
duced pressure; m. p. 245°.22 

Trimethylpyroxonium perchlorate was prepared by hydrolysis with perchloric acid 
of the product of the reaction between dimethylpyrone and methylmagnesium bromide. 
I t  was four times recrystallized from ethyl alcohol and from water; m, p. 242-245°.23 

Xanthene was obtained by the reduction of p d e d  xanthone with sodium in al- 
cohol.*' It was steam distilled and recrystallized twice from alcohol and dried a t  50'; 
m. p. 101 '. Examination of the absorption spectrum showed that it contained no xan- 
thone. 

Xanthydrol was made by the reduction of xanthone with sodium amalgam.zVt 
was twice recrystallized from alcohol without heating the solution in order to prevent 
the formation of diivanthyl ether. It was dried under reduced pressure over sulfuric acid 
for three hours and used immediately; m. p. 123-124°.26 

Absolute alcohol was obtained from the United States Industrial Alcohol Corpora- 
tion and carefully redistilled before use. In special cases when particularly anhydrous 
conditions were required, this product was dried over calcium oxide. 

Dimethyl sulfate was obtained from Kahlbaum and was dried and distilled under 
diminished pressure over barium oxide in Fn all glass apparatus. It did not give a test 
for free acid and was transparent to 2200 A. 

Summary 

It has been observed that the ultraviolet absorption spectra of 7-pyrone, 
dimethylpyrone, benzopyrone and xanthone in acid solution are very sim- 
ilar to the spectra in neutral solution. These data lead to the conclusion 
that the formation of oxonium compounds in this series does not result in 
any profound change in the structure of the molecule. 

The identity of the absorption spectra curves of dimethylpyrone in 
neutral and alkaline media, and their similarity to the curve in acid solu- 
tion precludes the possibility of an equilibrium existing between two differ- 
ent types of structure of the ring 

20 "Organic Syntheses," John Wiley and Sons, New York, 1927, Vol. VII, p. 84. 
21 Baeyer, Ber., 43, 2337 (1910); Baeyer and Piccard, Ann., 407, 337 (1914). 
22 Conrad and Eckhardt, Ber., 22,81 (1889); Michaelis and Hanisch. ibid., 35,3158 

(1902). 
as Baeyer and Piccard, Ann., 384, 215 (1911). 
P W e l l e r  and Kostanecki, Ber., 41, 1325 (1908). 
26 "Organic Syntheses." John Wiley and Sons, Inc., New York. 1927, Vol. VII, 

p. %. 
26 Meyer and Saul, Bey., 26, 1276 (1893). 
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A resemblance between the absorption spectra of dimethylpyrone (and 
its salts) and 1,2,6-trimethylpyridone, a compound in which only the ketone 
structure is possible, and between those of xanthone and of xanthene and 
xanthydrol has been observed. On the other hand, i t  has been noted that 
the spectrum of dimethylpyrone differs greatly from that of 4-methoxy-2,6- 
dimethylpyridine, an analogous compound which has the benzenoid type 
of structure.' From these observations the conclusion has been drawn that 
the structure of the pyrone and pyroxonium ring is best represented by 
a ketonic formula. 

I t  has been pointed out that formulation of the salts of xanthydrol and 
of trimethylpyroxonium perchlorate as compounds of an oxonium type is 
open to question. 

ITHACA, NEW YORIC 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE ~NIVERSITY OF MISSOURI] 

ELECTROLYSIS OF GRIGNARD SOLUTIONS1 

In a previous article2 there is described a series of experiments on the 
electrolysis of certain Grignard compounds in ether solutions, using 
platinum electrodes. The purpose of that investigation was to determine 
the quantity of a Grignard compound which is decomposed by one equiva- 
lent of electricity, and to determine the products resulting from that 
decomposition. 

The present paper describes some experiments on the electrolysis of 
Grignard solutions using anodes of various metals with platinum cathodes. 

Apparatus and Procedure 
The electrolytic cells were made of glass tubing, and were approximately 200 X 40 

mm. in size. These were closed with tight fitting cork stoppers through which the two 
electrodes were suspended close to  the stoppers by copper wires. These electrodes were 
held parallel to each other and about 3 cm. apart by means of bent glass rods. Short- 
circuiting between the electrodes through the formation of bushy deposits of magnesium 
on the cathode was prevented by placing on the bottom of each cell a long glass rod 
with which such deposits were broken off by occasionally tilting the cell. 

A glass tube of 1 cm. diameter was inserted through the center of each of the stop- 
pers which closed the cells, and extended about 1 cm. beyond the inner faces of the 
stoppers. Through these tubes the cells were filled and emptied. 

For anode materials the following metals were used, either in the form of the foil 
or as  long narrow flat pieces of the metal: aluminum, tin, cadmium, zinc, bismuth, gold, 
silver and nickel. The areas of the anodes were approximately 20 sq. cm., while those 
of the platinum cathodes were about 10 sq. cm. In  order to eliminate the magnesium 

This paper is an abstract of the thesis submitted by Mary Drane in partial iul- 
filment of the requirements for the degree of Master of Arts a t  the University of Missouri. 

Gaddum and French, TI~IS  JOURNAI., 49, 129.5 (1927). 
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halide etherates as factors in the electrolyses, isoamylmagnesium chloride was chosen 
for these experiments, the magnesium chloride etherate being but slightly soluble in the 
ether. 

The currents through the solutions varied from 24 to 100 milliamperes, under a 
potential of 110 volts. Since this caused the solutions to boil vigorously, the currents 
were adjusted to 10 milliamperes for the first 
fifty hours and to 20 milliamperes for the 
remaining one hundred and fifty hours, by 
the introduction of resistances. In every 
case a light, bushy deposit of magnesium 
began to form on the cathode within a few 
minutes after starting the electrolysis. 

When the electrolysis was complete, the 
solutions were drawn from the cells by suc- 
tion and filtered, and both the filtrates and 
the residues were analyzed for the anode 
material. The concentration of the Grig- 
nard compound was also determined, before 
and after the electrolysis The results are 
summarized in Table I. 

Of the various anodes, only the 
aluminum, zinc and cadmium were 
attacked during the course of the 
electrolysis. Of these metals, only 
the aluminum was found in the ether C 

1 

solution, presumably in the form of 2 

the aluminum alkyl. In this cell the ca,cium~hloride 
5 

conductance was apparently due to 
Fig. 1. 

the magnesium compound alone, since 
all of the aluminum was found in the solution, and was approximately 
equivalent to the quantity of electricity passing through the cell. The 
appearance of the zinc and cadmium anodes in the earlier experiments led 
us to suspect that small pieces might have broken off and fallen to the 
bottom of the cells. Those results were therefore discarded, and the ex- 
periments were repeated using paper extraction thimbles around the anodes. 

Cell 

1 
2 
3 
4 
5 
6 
7 
8 

Anode 
material 

Aluminum 
Bismuth 
Gold 
Nickel 
Silver 
Tin 
Zinc 
Cadmium 

Molar concn. Equiv. of Grignard 
of Grignard compound in the cell 
compound At start At end Change 

2.231 0.383 0.104 0.279 
1 692 .338 286 ,052 
1.682 ,321 260 ,060 
2.231 ,629 490 ,138 
2.231 ,334 218 .I16 
2.231 ,334 ,254 ,079 
1.647 288 ,211 ,077 
1.647 288 ,254 ,034 

Equiv of anode Coulometer 
material found readipg in 

In soln. In residue equlv. 

0.074 0.000 0.082 
.000 .000 .052 
,000 .000 ,063 
,000 ,000 ,104 
,000 .000 ,117 
,000 .000 .099 
000 .044 ,071 

,000 .022 ,031 
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In  both of these cases anode material dissolved off and was found later in 
the residue in the bottom of the cell, while the ether solutions contained 
none of that material. In neither case was the amount of anode material 
which was recovered equivalent to the amount of current passing through 
the solution. Presumably, in these two cells, the anode materials formed 
metallic alkyls as the result of electrolytic action and were then decom- 
posed by the electric current simultaneously with the Grignard compound. 
Cadmium alkyls, however, have been reported as being decomposed by the 
action of light, with the deposition of metallic cadmium3 and i t  is possible 
that the cadmium obtained in these experiments was formed, in part a t  
least, by such action. 

In  Cells 2 ,3  and 5 the amount of isoamylmagnesium chloride decomposed 
was equivalent, within experimental error, to the quantity of current 
passing through the solutions. In  Cells 1,4, 7 and 8 the amount of chem- 
ical change was greater than can be accounted for by the quantity of current 
carried. This failure of the analytical results to check is readily explained 
by the fact that in these cells a certain amount of hydrolysis took place 
with the formation of a precipitate of basic magnesium chloride. 1n cell 
No. 6, however, the amount of chemical change was less than would have 
been expected on the basis of the quantity of electricity carried through 
the cell. It is possible that this was due to a short circuit between the 
electrodes formed by a deposit of magnesium along the glass rod used to 
hold the electrodes in place. Such a deposit might have escaped ob- 
servation, since the solution was dark colored. 

Summary 
1. Ether solutions of isoamylmagnesium chloride were subjected to 

electrolysis using anodes of various metals and cathodes of platinum. 
2. Anodes of aluminum, zinc and cadmium were dissolved off as the 

result of electrolytic action. Those of bismuth, gold, nickel, silver and tin 
were not attacked. The amount of aluminum which went into solution 
was approximately equivalent to the quantity of current passing through 
the cell. 

3. In  several cases where the anode was not attacked, an amount of 
isoamylmagnesium chloride equivalent to the amount of current passing 
through the cell was decomposed. 

COLUMBIA, MISSOURI 

J. Newton Friend, "Textbook of Inorganic Chemistry," Vol. XI, p. 27. 
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[CONTRIBUTION FROM THE SOIL FERTILITY LABORATORY, BUREAU OF CHEMISTRY AND 

%&s, U, S. DEPARTMENT OF AGRICULTURE] 

THE PRESENCE OF URONIC ACIDS IN SOILS 
BY E. C. SHOREY AND J. B. MARTIN 

RECEIVED AUGUST 1, 1930 PUBLISHED DECEMBER 18, 1930 

Uronic acids, represented by glucuronic and the isomeric galacturonic 
acids, while not often found free in natural products, are abundant in 
plant and animal tissues as part of complex bodies, frequently spoken of 
as polyuronides. As such they are found in some hemicelluloses, in pectin, 
and in the glycoproteins of animal tissues and apparently in some of the 
"slime" products of micro-organisms. 

Such plant and animal tissues, of course, find their way into soils and 
complex compounds containing uronic acid nuclei might be expected to 
form some part of the organic matter of soils. 

Uronic acids are represented by the formula GHloO'I and structurally 
CHO CHO 
I 

H-C-OH 
I 

H-C-OH 
I 

HO-C-H 
I 

HO-C-H 
I 

H-C-OH HO- -H 
I 

c. 
H-C-OH 

I 
H-C-OH 

I 
COOH 

I 
COOH 

d-Glucuronic d-Galacturonic 

These acids are characterized by being rather easily decarboxylated by 
heating with strong acid, each molecule losing one molecule of carbon di- 
oxide, being thereby converted into the corresponding pentose sugar 

CeHloO? = CaHloOs + COz 
d-Glucuronic acid by this process-boiling with 12% hydrochloric acid- 

gives d-xylose, while d-galacturonic acid gives 1-arabinose. 
Each of these sugars, when boiled with 12% hydrochloric acid for libera- 

tion of carbon dioxide, breaks down further to give furfural and water 
CsHlaOs = CeHaOa + 3Hz0 

so that under this treatment there is evolution of carbon dioxide and for- 
mation of furfural a t  the same time. 

It has been known for some time that practically all soils when boiled 
with 12% hydrochloric acid give furfural, the quantity of which can be 
determined in the usual way by precipitation as the phloroglucide. Shorey 
and Lathropl showed that in ten soils of quite widely differing types the 
furfural obtained calculated to pentosan, varied from 0.055 to 2.75%-in 
one case representing 28.5% of the total carbon in the soil. Lathrop2 

1 Shorey and Lathrop, THIS JOURNAL, 32,1680 (1910). 
a Lathrop, unpublished data. 
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found in nine soils-clays and loams-the furfural calculated to pentosan 
varied from 0.181 to 0.598% and in sixteen peats varied from 0.50% in 
the peat from Lake Mattamuskete, North Carolina, to 5.25% on a brown 
fibrous peat from the Florida Everglades (mile post 39). 

Heretofore the formation of furfural when a soil is boiled with 12% 
hydrochloric acid, has been ascribed to the presence of pentosans, repre- 
sented in plant tissues by that somewhat indefinite group of compounds 
known as hemicelluloses, and assumed to be in soils as plant residues. In 
fact, such a pentosan was isolated from a sample of Marshall loam from 
North ~ a k o & ,  a soil containing 6.97% organi; ~ a r b o n . ~  

However, it may be assumed that furfural from soils might be derived 
from any plant or animal constituent known to give rise to furfural and 
not necessarily from a pentosan. 

A method for determining uronic acids based on a measurenlent of the 
carbon dioxide evolved was first proposed by LefPvre and Tollens4 and 
later modified by Dore, McKinnis, Nanji, Paton and Ling, and Dickson, 
Otterson and Link.5 

This method depends on heating the material with an excess of boiling 
12% hydrochloric acid until there is no further evolution of carbon dioxide, 
this dioxide being absorbed in a suitable apparatus for determination. 

When this method is applied to soils containing carbonates the inorganic 
carbon dioxide must first be determined by treatment with weak acid in 
such a way that decarboxylation of the uronic acid is not brought about. 

The method used in the work reported here is, briefly, as follows. A three-necked 
TiO-cc. flask was used for the reaction. Into one side neck a stream of carbon dioxide- 
free air was passed. Into the center neck an upright reflux condenser was fitted, the 
other side neck being used for the introduction of acid through a dropping funnel. 
The outlet a t  the top of the condenser was connected with a carbon dioxide absorlxr 
which consisted of a Folin-Denis bell fitted into a wide-necked Erlenmeyer flask through 
a two-holed stopper. The outlet from this was connected to another Erlenmeyer flask 
similarly equipped with a Folin-Denis bell. The outlet of this was connected to a source 
of suction. The incoming air was freed of carbon dioxide by passing through a soda 
lime tower, next through a Milliken wash bottle charged with a concentrated solution of 
potassium hydroxide, then through a small wash bottle detector charged with barium 
hydroxide solution. 

The absorbers were charged with a half-saturated solution of barium hydroxide. 
Twenty-five grams of soil was used, except that in the case of peat 10 g. was taken. 

These were placed in the flask, 200 cc. of water and enough hydrochloric acid to make a 
1% solution added, and the flask heated to boiling for one hour, the carbon dioxide 
evolved being absorbed in barium hydroxide solution and determined as described later. 

The carbon dioxide given off by this treatment for one hour was, as the work was 

Schreiner and Shorey, Bureau of Soils Bulletin No. 74 (1910). 
Lefsvre and Tollens, Ber., 25,2569 (1892) ; ibid., 40,4153 (1907). 
Dore, THIS JOURNAL, 48, 232 (1926); McKinnis, ibid., 50, 1911 (1928); Nanji, 

Paton and Ling, J. Soc. Chem. Ind., 44, 2537 (1925); Dickson, Otterson and Link. 
THIS JOURNAL, 52, 775 (1030). 
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originally planned, assumed to be derived from carbonates (inorganic carbon). The  
absorbers were then changed or recharged, enough hydrochloric acid added t o  the  re- 
action flask to  make a 12% solution, the flask placed in an oil-bath and the bath heated 
so that  the contents were kept boiling. This usually required a bath temperature of 
140-145 O. 

This was continued for five hours, the carbon dioxide being absorbed in barium 
hydroxide. 

In no case was there any precipitate formed in the second absorber, even with a 
very rapid current of air passing through the apparatus. 

At the conclusion of the operation the absorber was disconnected and the pre- 
cipitated barium carbonate filtered off rapidly by suction on a small Buchner funnel. 
The bell and flask were rapidly washed into the funnel and the washing continued until 
all barium hydroxide was removed. Barium carbonate adhering to the bell and flask 
was then dissolved with dilute hydrochloric acid and after changing the receiver this 
solution was poured on the funnel, more acid being used if necessary t o  dissolve all the 
barium carbonate and the filter thoroughly washed. To the solution of barium chloride 
thus obtained dilute sulfuric acid was added to precipitate the barium as sulfate. This 
was determined in the usual way and calculated to the equivalent of carbon dioxide. 

This method has a disadvantage in the danger of carbonation of the 
barium hydroxide solution in the process of handling and filtering, but a 
little experience will enable one to overcome this. I t  has been found that 
when this operation was carried out carefully and expeditiously, the maxi- 
mum error was 0.5 mg. of carbon dioxide, which, when working with 23 g .  
of soil, is negligible. The method has an advantage in that errors intro- 
duced by the carrying over of hydrochloric acid or other volatile products 
are eliminated. 

The results of the examination of eleven soils are reported in this paper. 
The soils were as follows. 

No. 1, Houston clay No. 1. No. 2, Houston clay No. 2. No. 3, 
Houston clay No. 3. These three were soils from experimental fields 
near Austin, Texas, Nos. 2 and 3 are calcareous, that is, contain enough 
calcium carbonate to  effervesce on the addition of acid. No. 4, Chester 
loam from Virginia. No. 5, Norfolk fine sandy loam from North Caro- 
lina. No. 6, Washburn loam from Aroostook County, Maine. No. 7, 
Caribou loam from the same location. No. S, Greenville sandy loam from 
DeWitt, Georgia. No. 9, Portsmouth fine sandy loam from New Bern, 
North Carolina. No. 10, Muck from near North Liberty, Indiana. No. 
1 I ,  Everglades peat from Belle Glade, Florida. In the tables following 
these soils will be referred to briefly by name. 

The general organic characteristics of the soils examined, together with 
their reaction, are stated in Table I. All determinations were made on 
air-dried samples and the results calculated to the oven-dried basis. 

With the exception of the Houston soils, the soils have a neutral or acid 
reaction but appreciable quantities of carbon dioxide were given off by the 
treatment for one hour with 1% hydrochloric acid. 

Whether this carbon dioxide is derived from inorganic carbonate, oc- 
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Organic Total Organic Total 
Soil PH C N Soil PH C N 

HoustonNo.1 7.6 1.43 0.08 Caribou 4.8 3.00 0.24 
HoustonNo.2 8.3 0.95 .06 Greenville 5.4 0.96 .04 
Houston No. 3 7.8 1.47 .16 Portsmouth 6.6 .88 .08 
Chester 5.8 1.50 .17 Muck 6.8 30.9 3.35 
Nor- olk 4.7 0.82 .05 Peat 7.0 53.3 3.19 
Washburn 5.0 4.90 .35 

cluded carbon dioxide or from the first stages of the decarboxylation of 
uronic acids, is under investigation. 

I n  Table I1 are given the quantities of uronic acid carbon dioxide ob- 
tained after the preliminary treatment for one hour with 1% hydrochloric 
acid, together with the calculated equivalent of uronic acid, both being 
stated as percentage of the soil. 

Since uronic acids are frequently a part of the more complex poly- 
uronides, the total quantity of organic matter represented by the uronic 
acid carbon dioxide may be much larger than the calculated uronic acid 
shown in this table. 

TABLE I1 
URONIC ACID CARBON DIOXIDE AND THE CALCULATED EQUIVALENT OF URONIC ACID 

PERCENTAGE OF SOIL 
Uronic acid Uronic Uronic acid Uronic 

Soil COr acid Soil COI add 

Houston No. 1 0.14 0.617 Caribou 0.36 1.587 
Houston No. 2 .ll .484 Greenville 0.08 .353 
Houston No. 3 .13 .512 Portsmouth .07 .308 
Chester .24 1.058 Muck 1.80 7.938 
Norfolk .08 0.352 Peat 1.69 7.462 
Washburn .41 1.808 

Uronic acid (C6H1007) contains 37% carbon and some idea of the pro- 
portion of uronic acid to the total organic matter of the soil may be had 
by comparing the uronic acid carbon with the total organic carbon. Such 
a comparison is made in Table 111. 

The theory of the evolution of furfural to the process of decarboxylation 
of uronic acids has already been pointed out. Carbon dioxide is first split 
off, leaving a pentose sugar which further breaks down to furfural and 
water. In other words, the decarboxylation must be complete or the for- 
mation of furfural will not be complete. 

It has been contended that complete decarboxylation of uronic acids 
can be brought about only by heating with 12% hydrochloric acid to 135- 
140" for four or preferably five hours,'j and with this in mind the determina- 
tions of uronic acid carbon dioxide in soils reported here were made by 
heating a t  that temperature for five hours. 

Dickson Otterson and Link, THIS JOURNAL, 52,775 (1930). 
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TABLE 111 
COMPARISON OF URONIC ACID CARBON WITH TOTAL ORGANIC CARBON IN SOIL 

Soil 

Houston No. 1 
Houston No. 2 
IIouston No. 3 
Chester 
Norfolk 
Washburn 
Caribou 
Greenville 
Portsmouth 
Muck 
Peat 

Organic carbon 
in soil 

Uronic acid 
carbon 

0.228 
.I79 
.216 
.427 
.I30 
.667 
.586 
.I30 
.I13 

2.86 
2.75 

TJronic acid carbon, 
percentage of 

total organic carbon 

15.9 
18.8 
14.7 
28 .4  
15.8 
13.7 
18.8 
13.5 
12 .8  
9 .25  
5 .15  

Determinations of furfural in soils made in this Laboratory heretofore 
were made according to the method of the Association of Official Agri- 
cultural Chemists adopted for pentosans in feeding stuffs, and in order to  
have figures comparable with those previously obtained, this method was 
applied to the soils under discussion. 

This method, which is essentially that of Krober,' calls for heating to 
boiling with 12% hydrochloric acid at  a rate such that 30 cc. distils over 
in ten minutes and this continued until 360 cc. has collected, which en- 
tails heating for only a little more than two hours. 

I t  seemed that this method might give less than the theoretical quantity 
of furfural due to incomplete decarboxylation of the uronic acid. As a 
matter of fact, the quantities obtained by this method and presented in 
Table IV are much less than the theory calls for, and except for the peat 
are less than 50% of the theoretical. 

FURFURAL OBTAINED FROM SOILS COMPARED WITH THE CALCULATED QUANTITY 

Furfural, Furfural equivalent 
percentage to umnic acid Furfural, 

Soil of soil content go of calcd. 

Houston No. 1 0 050 0 299 16 .7  
Houston No. 2 .030 .234 12.8 
Houston No. 3 .037 .277 13 .7  
Chester .I13 ,512 22 .0  
Norfolk .046 .I81 25.4  
Washburn .272 ,881 30.8 
Caribou .I41 .757 18.6 
Greenville .020 .I60 12.5 
Portsmouth .050 .I43 35.0 
Muck 1.880 3.840 49 .0  
Peat 2.070 3.600 57.5 

Krober, J. Lnndw., 48, 379 (1900). 
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To determine whether or not this was due to the shortness of time of 
heating, the determinations were repeated, heating for five hours, but in 
no case was more furfural obtained, and in most cases slightly less. 

It has been generally observed that even when working with pure uronic 
acids the quantity of furfural obtained is less than the theoretical, whereas 
the theoretical quantity of carbon dioxide is obtained. This is no doubt 
due to the reactivity of furfural and its tendency to form reversion prod- 
ucts or furan derivatives. I t  is quite likely that in a complex mixture 
of organic and inorganic material, such as a soil, this tendency is accentu- 
ated with the consequent greater loss of furfural. 

That this is so is indicated by the following experiment. 
Phloroglucide 

0 . 5  g. of pectin gave.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.1284 g. 
10 g. of Portsmouth sandy loam. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ,0140 g. 

- 
Total when determined separately. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ,1424 
When mixed and furfural determination made the mixture gave.. . ,1402 
0 .25  g. of pectin gave.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ,0842 
10 g. of Washburn loam gave. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ,0490 
Total determined separately. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ,1137 
When mixed and furfural determined the mixture gave.. . . . . . . . . .  .I020 

The pectin used was the commercial "lemon pectin." 

The simultaneous evolution of carbon dioxide and formation of furfural 
on heating with strong acid being characteristic of uronic acids and the 
polyuronides present in plant tissues, i t  seems fair to assume when soils 
behave in the same way that they contain uronic acids or complex sub- 
stances of which such acids are a part. 

The identity of such compounds is part of an investigation not yet com- 
pleted, but the following data are submitted in substantiation of the fore- 
going conclusion. 

A hot water extract of one of the soils (Houston No 3) on evaporation to dryness 
yielded a gray powder that amounted to 0.07% of the soil and contained 61% organic 
matter. Another portion of the same soil heated with water in an autoclave a t  30 
pounds pressure yielded a similar extract, 0.11% of the soil and containing 76% organic 
matter. 

Both these extracts were readily soluble in water again with the exception of a small 
portion (about 5Y0) that was inorganic in nature. Such a water solution gave the 
following reactions. I t  gave a strong Molisch reaction. It did not reduce Fehling's 
solution but  did so after heating for a few minutes with hydrochloric acid. This re- 
ducing property, however, soon disappeared on continued heating with acid. Heated 
with hydrochloric acid and a small portion of orcin a green color was formed. Heated 
with hydrochloric acid and naphthoresorcinol, i t  gave a dark colored precipitate which 
was soluble in ether with a reddish-violet color, and in warm benzene with a blue color. 
These color reactions, with the exception of that  with naphthoresorcinol, are given by 
pentoses or pentose yielding material. 

When the water solution is subjected to  dialysis there is left a somewhat opalescent 
viscous solution or dispersion from which several volumes (four or five) of 9594 alcohol 
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throw down a gelatinous precipitate which readily can be filtered off. This, when treated 
with water, forms again an opalescerlt dispersion which gives all the color reactions men- 
tioned much more strongly than the original solution of the extract. 

The residue from hot water extraction on heating with 12y0 l~pdrochloric acid gave 
2.5% of furfural. 

The residue from the water extract made under pressure when heated with ly0 
hydrochloric acid for one hour gave 0.5% of carbon dioxide and heating further for five 
hours with 12% hydrochloric acid gave 3.24% of carbon dioxide. 

It is evident that  water extraction under pressure as in this case extracts bu t  a small 
portion of the uronic acid constituents. This soil (Houston No. 3)  contained uronic acid 
carbon dioxide 0.13%, whereas calculating the 3.24% of the water extract back t o  the 
original soil gives but 0.0035% of uronic acid carbon dioxide. 

A further separation of uronic acid material from soil was effected in the following 
manner. The soil was treated with 2y0 sodium hydroxide until the extract gave a 
strong Molisch reaction-this sometimes required several days. The  supernatant 
liquor was decanted from the soil, made slightly acid with acetic acid, excess of barium 
carbonate added and the liquor concentrated to about one-quarter of its volume, fil- 
tered and further concentrated until i t  became sirupy. 

This sirup, when poured into four volumes of 95% alcohol, formed a gelatinous pre- 
cipitate which was readily filtered off and washed with alcohol. This precipitate dries 
to a horny mass which, when pulverized, forms a light gray powder. The  precipitate 
or the dry powder when treated with water forms an opalescent solution or dispersion- 
more readily if a small quantity of barium acetate be added. This solution gives a pre- 
cipitate of barium sulfate on addition of sulfuric acid and is evidently a barium salt or 
contains a barium salt of some uronic acid complex. The solution obtained in this 
way gave all the color reactions noted in connection with the water extract. The  dry 
powder when heated with 12% hydrochloric acid gave off both carbon dioxide and fur- 
f ural . 

Separations of this kind were made from two of the soils (Houston No. 3 and Chester 
loam) and no differences have been noted in the character of the material so obtained. 
A larger quantity could be obtained from the Chester loam than from the Houston soi: 
and largcr quantities are obtainable by extraction with alkali than by water extraction. 

The demonstration of the presence of uronic acid or polyuronides in 
soils is, in itself, the establishment of a new fact in regard to the character 
of the organic matter of soils, and further interest immediately connected 
with this fact lies in the identity of these uronic acid compounds, their 
origin and fate in the soil. These, naturally, are under investigation. 

There are a t  least two points of a more or less analytical nature raised 
by the work here reported. One is the determination of inorganic carbon 
(carbonates) in soils. It is quite evident that heating soil with 1% hydro- 
chloric acid gives rise to an evolution of carbon dioxide that, in some cases, 
one can scarcely conceive of as being present as inorganic carbonates. For 
instance, of the soils discussed in this paper five have a strong acid reaction 
and on heating for one hour with 1% hydrochloric acid, gave the following 
quantities of carbon dioxide. 

These quantities of carbon dioxide were not included in stating the 
quantity of uronic acid carbon dioxide in Table 11, but it is likely that they 
arise from the initial decarboxylation of uronic acids and should be added 
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TABLE V 
CARBON DIOXIDE OBTAINED BY HEATING POR ONE HOUR WITH 1% HYDROCHLORIC ACID 

Carbon dioxide, 
per cent. 

Soil PH of soil 

Chester 5.8 0.124 
Norfolk 4.7 . .044 
Washburn 5.0 .204 
Caribou 4.8 .220 
Greenville 5.4 .075 

to the figures stated there, but in view of the uncertainty as to their origin 
they were ignored. I t  seems quite probable that many of the discrepancies 
observed in determinations of carbon dioxide in soils have been due to 
variations in temperature and strength of acid used. 

The other point is in connection with what may be called proximate 
analysis om soil organic matter. The most recent and probably at  present 
the best known of such methods is that proposed by Waksman and Stevens8 

By this method the organic matter is separated into fractions: ether 
soluble, water soluble, alcohol soluble, hemicelluloses, cellulose, lignin, etc. 

Apart from certain fundamental concepts that lead to erroneous con- 
clusions in the application of this method, the most serious defect lies in 
that no place is provided for classes of organic soil constituents that from 
time to time may emerge from the obscurity of humus investigations. 
Uronic acids or polyuronides furnish an example of this. These are not 
soluble in ether or alcohol and are only very slightly extracted by hot water. 
On heating with acid, as the method calls for in the determination of hemi- 
celluloses, they disappear as carbon dioxide and furfural, and such reduc- 
ing sugar as might be formed from polyuronides completely disappears 
under the treatment. 

Link and Niemann9 have recently contributed to our knowledge on this 
point, showing that when polyuronides are hydrolyzed with weak acids 
the uronic acids split off and are destroyed as soon as formed. 

We find, then, that a class of organic compounds that occur in soils that 
may represent from 5 to 25y0 or more of the organic carbon is, by this 
method, not only ignored, but so far as determination is concerned, is 
almost completely eliminated. 

Summary 
In  this paper there are presented results of the examination of eleven 

samples of soil for the presence of uronic acid, according to methods adopted 
and in use for the determination of these acids in vegetable products. 

The soils are from eight locations and represent types varying from sandy 
loams containing 0.82, 0.88 and 0.96% of organic carbon, to loams contain- 

Waksman and Stevens, Soil Science, 26, 113 (1928). 
Link and Niemann, THIS JOURNAL, 52,2474 (1930). 
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ing 3.00 and 4.90% of organic carbon, a muck containing 30% and a peat 
containing 53% organic carbon. These soils varied in reaction from PH 

4.7 to 8.3. 
The uronic acid carljon dioxide varied from 0.07 to 1.80% of the soil, and 

this, when calculated to the equivalent uronic acid, varied from 0.308 t o  
7.94% of the soil. 

The uronic acid carbon calculated from these figures varied from 0.113 
to 2.86% of the soil and this uronic acid carbon varied from 5.15 to 28.4% 
of the total organic carbon. 

The presence of uronic acids or complex substances containing them 
(polyuronides) was confirmed by the separation from two of the soils of 
colloidal material having all the properties of such uronic acid complexes. 

This separation was made both by hot water extraction and extraction 
with dilute sodium hydroxide. 

The bearing of the presence of uronic acids in soils on certain analytical 
operations has been pointed out. These are the determination of carbon- 
ates in soils, and methods proposed for the proximate analysis of the organic 
matter of soils. 

WASHINGTON, D. C. 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF BRYN MAWR COLLEGE] 

THE POTENTIALS OF SOME UNSTABLE OXIDATION- 
REDUCTION SYSTEMS 

BY LOUIS F. FIESER 
RECEIVED AUGUST 2, 1930 PUBLISHED DECEMBER 18, 1930 

Although a considerable amount of data concerning the oxidation-reduc- 
tion potentials of well-defined organic systems has accumulated during 
the past ten years, relatively few efforts have been made to study by direct 
potentiometric measurement those systems which are alterable and with 
which the potential of a solution is subiect to a definite drift with time as 
the result of some reaction which consumes either the oxidant or the reduc- 
tant, or both. Such systems, to be sure, have been studied by colorimetric 
and electrometric indicator methods, but these are to be classed as indirect 
methods inasmuch as they involve the observation of the effect of the un- 
stable system upon the color or the potential of an oxidation-reduction 
system of unalterable components, and it is the potential of the latter, 
rather than that of the former, which actually is measured. 

The potential of the alterable system has been the basis of observation in 
only a few investigations. Biilmann and Bloml have recorded the equilib- 
rium potentials, together with the velocity constants, for the disappear- 
ance of the reductant, for two azo-hydrazo systems. They followed the 

1 Biilmann and Blom, J. Chem. Soc., 125,1719 (1924). 
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fairly slow drift in the potentials of solutions prepared from equimolecular 
amounts of the oxidant and reductant and extrapolated the values to zero 
time. Relying not upon extrapolation but upon initial potentials obtained 
as soon as potentiometric balance could be reached, Clark, Cohen and 
Gibbs2 obtained data for the systems from benzidine, o-tolidine and p- 
aminodimethylaniline, but their "attempts to measure the system of which 
p-phenylenediamine is the reductant were frustrated by the extreme insta- 
bility of the system." In addition to these studies, Conant and FieserJ 
have reported approximate results obtained by rapid titration for the o- 
benzoquinone-catechol system, while Conant and Pratt4 give some record 
of their attempts to measure the potential of the system formed by p-amino- 
phenol and its highly alterable oxidation product, quinone-imine, and state 
that  even under the most favorable conditions "the value of the oxidation-. 
reduction potential cannot-be determined accurately." 

It is an unfortunate circumstance that the instability of the simple 
quinone-imines, quinonedi-imines and certain of the quinones has imposed 
such limitations upon the investigator as to prevent the accurate evaluation 
of the free energy of reduction of these substances, for some of the most 
interesting compounds fall into this group. On the more practical side, 
i t  will be recalled that the substances in question, in the form of their reduc- 
tion products, have been used extensively as oxidation-reduction indi- 
cators and as photographic developers. Their suitability for these pur- 
poses is determined largely by the potentials of the  system^.^ 

There is thus abundant reason for attempting to extend to some extent 
the limits in the field of the direct measurement of the oxidation-reduction 
potentials of unstable systems. We have examined several such systems 
with which, while the reductant is perfectly stable, the oxidant undergoes 
decomposition with greater or less rapidity when i t  is prepared in aqueous 
solution or in a mixture of water and alcohol. It did not appear expedient 
to prepare the oxidant in non-aqueous medium even where this is known 
to be possible, for a certain unnecessary period of time would be required 
for the dissolution of the material in the electrolytic solvent. It seemed 
much more rational to start with a solution of the reductant and to produce 
the oxidant in the solution at the time desired by the addition of an oxidizing 
agent. Ordinary electrometric titration of the reductant, however, is 
out of the question when a highly alterable oxidant is concerned. The de- 
crease in potential between successive increments of the oxidizing agent is 
often so rapid that the results are meaningless. 

The method which we have adopted as being the most satisfactory of any 

Clark, Coheil and Gibbs, Pub. Health Kepts., Supplement No. 54, 1926 
Conant and Fieser, THIS JOURNAL, 46, 1858 (1924). 
Conant and Pratt, ibid., 48,3179 (1926). 
compare Frary and Nietz, ibid., 37! 22463 (1915). 
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yet developed may be called that of discontinuous titration. To a solu- 
tion of the reductant there is added an amount of oxidizing agent estimated 
to produce a certain amount of the oxidant and thus to fix, a t  least momen- 
tarily, the ratio of oxidant to reductant. The potential of the solution is 
observed and followed wit11 time. In further experiments the same quan- 
tity of reductant is treated with varying amounts of oxidizing agent so 
that, when all of the experiments are grouped together, a composite titra- 
tion curve may be constructed and from it  the normal oxidation-reduc- 
tion potential and other constants may be calculated. This general scheme 
was employed to a certain extent by Clark, Cohen and Gibbs in the work 
cited, and its advantages over the continuous titration method are apparent. 
'I'he most important point of difference in the present work lies in the man- 
ner of interpreting the potential readings. The choice lay between extrapo- 
lating the time-potential curve, after the manner of Biilmann, or in 
taking the first measurable potential, according to Clark, but the experi- 
ments themselves soon furnished reasons for giving preference to  the 
former method. This will be shown directly, in connection with a descrip- 
tion of some of the results obtained. 

The Method of Procedure 

In performing each experiment a solution of 0.0003 mole of the reductant was em- 
ployed. In the case of the amines it was found convenient to prepare a 0.015 M solution 
of the amine hydrochloride and to add 20 cc. of this to 190 cc. of the buffer solution. 
Well-poised buffer solutions having a high concentration of salts (usually 0.2 1M) were 
chosen in order to prevent any but very slight changes in hydrogen-ion concentration 
as a result of the dilution or the presence of the sample. When 0.1 M hydrochloric 
acid was the solvent, the PH employed was that found for the diluted solution. As the 
electrode vessel a tall 400-cc. beaker was employed, and the solution of the reductant 
was agitated vigorously in the thermostat with an efficient mechanical stirrer. The 
oxidizing agent used was a 0.03 M aqueous solution of potassium molybdicyanide, 
K ~ M o ( C N ) ~ . ~  Since an unnecessary amount of time is consumed in running in the 
reagent from a buret, the addition was made in the following way. The reagent was 
carefully measured into a small dropping funnel having a wide-bore stopcock, and the 
stem of the funnel was inserted through the stopper of the electrode vessel. A rapid- 
delivering Mohr buret containing buffer solution was clamped just above the dropping 
funnel so that the latter could be rinsed out quickly into the vessel. When all was in 
readiness the stopcock was turned and the stop watch was released just as the stream of 
the oxidizing solution entered the stirred solution. With this arrangement it was pos- 
sible to introduce 3-20 cc. of molybdicyanide solution in not more than three seconds, 
with about one second more for the rinsing. The potential readings were made on 
a student's type potentiometer and with an enclosed glass and scale galvanometer. 
By placing the stop watch in line of vision with the galvanometer scale and having this 
directly behind the potentiometer dial, the unassisted observer had little difficulty in 
following a very rapidly changing potential. Readings were made a t  intervals of 
fifteen seconds. 

6 Some observations concerning the preparation and stability of this reagent will 
be published in another paper. 
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The average volume of the solution a t  the time of the measurement was 220 cc. and 
the total concentration of the organic system 0.0014 M. When it  was desirable to  keep 
the volume the same in all experiments the amount of buffer solution used for washing 
out the funnel was so adjusted as to  make the final volume just 230 cc. ; total concentra- 
tion, 0.0013 M. The temperature was 25 O in all of the experiments. 

p-Benzylaminopheno17-N-Benzyl-quinone-imine.-The potential of a 
solution of these components in every case decreased rapidly with time, but 
the rate of change usually varied with the nature of the solvent and with 
the ratio of oxidant to reductant. The simplest behavior noted is illustrated 
by Curve I1 of Fig. 1. It will be observed that for one and one-fourth min- 
utes the relationship between 'the decrease in potential and the time is linear. 

I I 

0.5 1 .O 1.5 2.0 2.5 
Time, minutes. 

Fig. 1.-The system: P-benzylaminophenol-N-benzyl-qui- 
none-imine. Curve I, PH 7.57, [Oxid]/[Red] = 6.25; Curve 11, 
PH 1.10, [Oxid]/[Red] = 0.387; Curve 111, P H 7.57, [Oxid]/ 
[Red] = 0.403. 

The fact that the potential decreases indicates that it is the oxidant which 
is being destroyed, and the nature of the relationship points to a first order 
reaction, for both the monomolecular velocity constant and the potential 
of the solution are logarithmic functions of the concentration of the oxidant. 
The velocity constant may be defined by the following equations 

2.3026 k' = - [Oxid], 
t log [Oxidli - x 

[OxidIi 
Ei - = %log [Oxidli - 

Let k = kRT/2.3026 nF 
k = (El - E,)lt  (3 )  

The initial concentration of the oxidant is denoted by [OxidIi, x is the 
amount which has disappeared in t minutes, E, is the potential a t  that time 

' The material was crystallized as the hydrochloride. 
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and Ei is the initial potential of the solution. If the initial potential is 
taken as that found on extrapolating Curve I1 to zero time, the following val- 
ues are obtained for the velocity constant, k (Table I). Up to one and one- 

TABLE I 
VEI.OCITY CONSTANTS FOR REACTION PLOTTED IN CURVE 11, FIG. 1 

hlintites Potential k Minutes Potential k 

0 0.6880 (Extrap.) . . . . 1.50 0.6717 (0 .0  108) 
0.25 ,6852 0.0112 1.75 .6697 ( .0104) 

.50 ,6825 .0110 2.00 .6677 (.0101) 

.75 .6798 .0109 2.25 .6654 (.0100) 
1.00 .6767 .0113 2.50 .6637 ( .0097) 
1.25 .6740 .0112 2.75 .6624 ( .0093) 

fourth minutes the constancy is very good; the velocity then progressively 
decreases. Though the period over which the monomolecular reaction rate 
holds good is very brief, it may be estimated from other data on hand that 
the potential is a linear function of the time up to the point where 52% of 
the oxidant originally present has disappeared. The constancy is thus 
maintained for a considerable part of the life of the oxidant. It is clear 
that the reaction is monomolecular in the early stages, and one is conse- 
quently justified in making the extrapolation indicated by the dotted line. 
The only uncertainty is concerned with the timing of the experiment, but 
every effort was made to reduce this uncertainty to a minimum. The pos- 
sible error in fixing the zero time is about two seconds, which in the case 
a t  hand would amount to an error of 0.0005 v. in the value for the initial 
potential. 

One significant conclusion to be drawn from the results just quoted is 
that in fifteen seconds the mixing is complete, the reaction between the re- 
ductant and the molybdicyanide has gone to completion, and electrode 
equilibrium has been attained. The potential at this point could hardly 
show the concordance with the succeeding potentials if it were otherwise. 
While the same observations apply equally well to many other experiments, 
there were other cases in which the first potential readings (15 sec.) did not 
fall into line with the rest in this manner, and examples of this type of 
behavior are given in Curves I and I11 of Fig. 1. Like Curve 11, these re- 
sults refer to the system from p-benzylaminophenol, but in neutral rather 
than acid solution. Instead of falling off at  once, the potential shows 
a slight increase after fifteen seconds and only begins to drop in direct pro- 
portion to the time after one and one-fourth minutes for Curve I, and forty- 
five seconds for Curve 111. In view of the conclusions drawn from the form 
of Curve 11, this lag can hardly be due to incomplete mixing and i t  probably 
is not occasioned by a tardy establishment of electrode equilibrium. We 
are thus led to believe that the reaction between the reductant and the 
molybdicyanide is complete only after the time intervals noted. After 
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the period of lag the reaction follows the monomolecular course for seven 
minutes, and we have extrapolated the straight portions of the curve 
(dotted lines) in order to obtain the initial potentials. 

The initial potential obtained in this way is subject to some error if our 
interpretation of the lag is correct, for the amount of oxidant initially avail- 
able for the decomposition reaction is not quite as great as that which the 
extrapolation curve implies. I t  seems unlikely that the phenomenon is 
the result of a slow attainment of potential balance, but if this is actually 
the  case no error would be involved other than that occasioned by the extent 
of the extrapolation necessary. While we see no way of either obviating 
or evaluating this possible source of error, there is reason to believe that the 
error is very slight. Curves I and I11 both refer to the discontinuous ti- 
tration of p-benzylaminophenol a t  PH 7.57 and the experiments differ only 
in that the value of the ratio [Oxid]/[Red] was 6.25 and 0.403, respectively. 
Now there is much more lag, and more error if any, in the first case than 
in the second and yet the calculations from both experiments indicate 
very nearly the same value for the normal oxidation-reduction potential of 
the system. The case at hand, moreover, was selected for illustration be- 
cause i t  is an extreme one; many other experiments might be cited in 
which a lag in the time-potential curve occurred only when the con- 
centration of the oxidant was relatively high, and in these instances 
there was no detectable difference in the results for the experiments which 
showed this lag. There is thus justification for regarding extrapolations of 
the type illustrated in Curves I and I11 as a t  least close approximations. 

The method which we have adopted for fixing the initial potential of 
the solution thus consists in extrapolating the first observed straight portion 
of the time-potential curve to zero time. A comparison may now be made 
with the procedure of Clark, Cohen and Gibbs, who took for this value the 
reading obtained as soon as potentiometric balance could be reached. In 
their experiments this required about twenty seconds; in our work the 
first reading was made a t  exactly fifteen seconds, and we are reasonably 
sure that a true balance had been attained. According to the interpreta- 
tion which we have made of Curve 11, during the time required for the at- 
tainment of electrode equilibrium and for the mechanics of measurement a 
considerable amount of oxidant has disappeared and the potential has 
fallen an appreciable extent. In other words, the error of taking the first 
measurable potential as the initial potential here amounts to 2.5 mv. In 
the case of the experiment of Curve I the error would be more serious. If 
one were relying entirely upon the firstL'significant potential" one very prob- 
ably would conclude that electrode equilibrium had been reached a t  thirty 
seconds and that the potential found here was the true potential. Accord- 
ing to the results of extrapolation the error would amount to 7.3 mv. 
While we thus feel that the method of Clark, Cohen and Gibbs should not 
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be used in the study of the systenls with which we are here concerned, we 
do not wish to imply a criticism of their own work. Each system has its 
own pec~iliarities and may require a special method of study. 

Having described our method of fixing the initial potential, Ei, we shall 
present in Table I1 a summary of a typical "discontinuous titration." 
The potentials given are single electrode potentials a t  25' referred to the 
hydrogen electrode potential a t  YH 0. 

SYSTEM: P-BBNZYLAMINOPIIENOI- N-BENZYL-QUINONB-IMINF, 
PH 7.57. End-point = 17.4 cc. molybdicyanide solution 

Molybdi- Initial 
cyanide potential, 0.02957 X 

soltl , Ei . log I<, 
C C .  Y .  [Redl v. c EL,, V. k 

3 .0  0 2227 0 208 -0 0201 1.35 
5 0 .2338 ,403 - .0117 1.37 
7 0 ,3427 ,673 - 0051 1.37 
9 0 .2514 1.07 .0009 . . 

11.0 ,2595 1.?2 ,0070 1.38 
13.0 ,2695 2.95 .0 139 1.42 
1,?.0 ,2831 0 23 0235 1.42 

Av. 1.39 Bv. 

The end-point of the titration was determined in the usual way except, 
of course, that a number of separate experiments were required, in 
each of which a different amount of oxidizing agent was added to  the solu- 
tion of the reductant. This method was found preferable to  the use of 
standardized solutions of the molybdicyanide and of the reductant on 
account of some uncertainties in these standardizations. It is not difficult 
to ascertain the end-point with a reasonable degree of accuracy, even with 
these unstable systems, and often one is aided by a distinct color change. 

The initial potentials obtained by extrapolation are given in the second 
column of the table and they are represented graphically in Fig. 2. The 
full line drawn through the potentials forms a smooth curve which has the 
logarithmic form of the usual titration curve but not the slope. For a reduc- 
tant which loses two hydrogen atoms on oxidation, the slope of the curve 
is normally represented by the equation 

[Oxid ] 
E = En + 0 02957 log --- 

[Redl 
(4) 

in which En is the potential when [Oxid] = [Red] in a given solution. This 
equation is pictured in the figure by the dotted line. The present results 
may be represented by the modified Equation, 3, by the introduction of 
an empirical constant, C, to correct for the divergent slope 

E = En + C X 0.0295 log [Oxid]/[Red] ( 5 )  

At the point of half-oxidation the two equations become identical, and 
the potential corresponding to this point provisionally may be taken as the 
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value for En. Using this value one may now calculate from Equation 5 
the value of the constant, C, as has been done in the fifth column of the 
table. In  the fourth experiment the ratio [Oxid]/ [Red] is so close to unity 
that  a calculation of Cis not admissible. The constancy is sufficiently good 
to show that the equation accurately expresses the results. 

5 10 15 
Molybdicyanide solution, cc. 

Fig. 2.-Titration curve of P-benzylaminophenol a t  PH 7.57. 

An explanation of the abnormal slope is not far to seek. Several in- 
vestigators have noted the influence on the potential of the quinone- 
hydroquinone system of the association between the components to form 
quinhydrone, and Clark, Cohen and Gibbs have found that such associa- 
tion is particularly marked among the systems of the p-phenylenediamine 
series, to which the system under study is closely related. Conant and 
collaboratorss ascribed abnormal slopes of the titration curves of certain 
anthraquinones to quinhydrone formation. It is probable that quin- 
hydrones or meriquinones are formed in the present case, and with most 
of the other substances reported on below. If the meriquinone, M, con- 
tains equal molecules of oxidant and reductant, Equation 4 must be modi- 
fied as in 6 

E = En f 0.02957 log  oxi id]^ - [MI 
  ox id]^ - [MI 

The terms [Oxid]T and [Red]T refer to the total amounts of the compo- 
nents. It is evident that the removal of equivalent amounts of oxidant and 
reductant from the oxidation-reduction equilibrium would shift the po- 
tential to values progressively higher than the normal as the excess of 
oxidant over reductant increases, and to lower values as this ratio is re- 
versed. 

* Conant, Kahn, Fieser and Kurtz, THIS JOURNAL, 44,1382 (1922). 
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The magnitude of the effect in the present instance may be estimated 
by relating Equations 5 and 6, and for this purpose we shall make use of 
an expression similar to that developed by C ~ n a n t . ~ ' ~  If the oxidant 
is present in excess of the reductant, and if X is the degree of association 
of the complex, M, then fM] = X[RedIT. Expressing the concentrations 
of oxidant and reductant in terms of the ratio, R, of the former to the latter, 
the following expression is obtained. 

R - X  E = E, + 0.02957 log - 
1 - X  (7) 

When it is the reductant which is in excess, the equation is 
R - R X  

E = En + 0.02957 log --- 
1 - R X  (8) 

To obtain the degree of association, X, Equation 7 may be combined with 
the empirical Equation 5, whence 

R - X  C log R = log - 
1 - X  

Using the average value found for the constant, C, one finds the value of 
0.36 for X when R = 2; 0.52 when R = 5. This indicates that the meri- 
quinone formation takes place to a considerable extent. 

Some caution should be exercised in respect to conclusions deduced in 
this way concerning meriquinone formation, for the subject is full of com- 
plications, as Clark, Cohen and Gibbs have pointed out. We have pre- 
sented a possible interpretation of the peculiar titration curves, but in 
reporting our results we prefer to disregard the theoretical aspects of the 
question and to make use of the empirical Equation 5. A provisional 
value for En, the potential at  half-oxidation, was obtained by interpolating 
the titration curve, and from it an average value for the constant, C, was 
calculated. We may now reverse the process, that is, use the average 
value found for C and calculate En from the results of each experiment. 
This has been done in the sixth column of Table 11. The agreement be- 
tween the individual values is very good, considering the rapid decomposi- 
tion of the oxidant, the abnormal slope of the titration curve, and the lag 
in the time-potential curve (Curves I11 and I of Fig. 1 refer to  the second 
and the last experiments of Table 11). 

Values for the velocity constant of the decomposition reaction are given 
in the last column. Since, by definition, k = (Ei - E,)/t, the values for 
k represent the drop in potential per minute. In each case the rate re- 
mained constant for from six to seven minutes and the values reported 
represent the averages during the period of constancy. It will be observed 
that the velocity increases very considerably as the concentration of the 
oxidant is increased, though the changes are not parallel. A five-fold 

Conant's equation, p. 1391, holds when the reductant is in excess but not for the 
converse case. 



4924 LOUIS F. FIESEK Vol. 52 

increase in the concentration of the oxidant doubles the velocity constant. 
It is thus difficult to classify the order of the reaction as a whole, though in 
each individual experiment it appears to be strictly monomolecular in the 
early stages. 

The oxidation of 9-benzylaminophenol was not followed in the alkaline 
range, but a fairly complete study was made in acid and neutral solutions. 
A condensed summary of the results is given in Table 111. The individual 
experiments at each PH are not recorded, but an indication of the agree- 
ment of the six or seven determinations of each value for En is given by 
appending the average error. Single electrode potentials on the hydrogen 
scale a t  25' are given. Except in the first case, the solutions all contained 
a total of 0.2 M per liter of buffer salts. Some indication of the velocity 
constants observed is given by including in the last two columns the ap- 
proximate constants for two values of the ratio [Oxid]/[Red], R. Experi- 
ments were not usually performed a t  just the ratios indicated, but the 
constants were obtained by interpolation. 

VARIATION OF THE POTENTIAL OF THE SYSTEM fi-BENZYLAMINOPHENOL-N-BENZYL- 
QUINONE-IMINE WITH HYDROGEN-ION CONCENTRATION 

Hydrogen Potential Diff. Velocity 
electrode Constant, when Av Calcd. En (Found- constant k when 
potential, C, of [Oxidl = error, E

n

, calcd.), [ ~ x i d ] / ~ ~ e d ]  = 
Palo En, v Eq. 5 [Red], En. v mv v. mv 0.3 3.3 

1.10 -0.0648 0.82 0.6992 0.4 0.6991 0 . 1  0.011 0.010 
1.56 .0925 .84 ,6715 . 4  .8708 .7 ,011 012 
2.05 .I214 1.14 .6391 .4  .6407 - 1.6 .011 ,012 
2.69 .I589 1 .OO ,5976 .2  .5957 1 .9  .011 .016 
3.22 .I903 1.24 ,5609 . 3  ,5578 3 . 1  .014 .024 
3.53 ,2086 1.18 ,5346 . 3  ,5332 1.4 .012 ,021 
3.88 .2296 1.19 ,5048 . 6 ,5036 1 .2  .008 013 
4.32 ,2558 1.23 .4651 . 7  .4665 - 1.4 .003 .006 
4.91 ,2903 1.09 .4163 . 3  .4195 - 3.2 .002 ,003 
5.58 .3301 1.32 .3707 .9  .3718 - 1.1 .002 ,003 
6.96 .4114 1.29 .2878 1 .1  ,2872 0.6 .007 ,011 
7.57 .4475 1.39 .2501 0.2 .2509 - .8 .005 ,008 

The first two series of experiments summarized in the table require a 
more detailed description. At PH 7 the potential of the molybdicyanide- 
molybdocyanide system is over 0.4 v. higher than that of the organic sys- 
tem, hence the reaction between potassium molybdicyanide and pben- 
zylaminophenol proceeds practically to completion at  all concentrations of 
the reactants and a sharp inflection at  the end-point of a titration is ob- 

lo The buffer solutions were of the following compositions: PH 1.10, HC1; PH 
1.56-2.05, glycine, HCI, KCI; PH 2.69, citric acid, NaOH, NaCI; PH 3.22-3.88, KH- 
Phthalate, HCI; PH 4.32-4.91, sodium acetate, acetic acid, NaCI; PH 5.58, citric acid, 
NaOH, NaC1; PH 6.96-7.57, Na2HP04, KHsP04. 
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tained. But the potential of the organic system, in reference to a hydrogen 
electrode a t  the same PIX, increases somewhat with increasing acidity while 
that of the inorganic system suffers an enormous decrease, with the result 
that at YH 1.10 the potentials of the two systems overlap and the reaction 
between the reductant and the oxidizing agent comes to  a stop when an 
appreciable quantity of the molybdicyanide is still unconsumed. This does 
not necessitate giving up this oxidizing agent, but it does require that a 
correction be applied for the unrcacted reagent. 

The fraction, m, of the potassium molybdicyanide which has failed to  
react may be found from the potential of the solution qnd Equation 10 

E = F: (Mo) + 0.05915 log mi(1 - m) (10) 

where E (Mo) is the potential of a half-oxidized molybdicyanide solution 
a t  PH 1.10 on the hydrogen scale and E is the initial potential of the mixture 
of organic and inorganic materials, on the same scale. A rough determina- 
tion of E (&lo) suffices for the purpose at hand and the value used was 
0.771 v., determined by titration with potassium ferrocyanide. If the end- 
point in the titration of 9-benzylaminophenol, preferably as determined 
in another series of experiments at a higher PH, be represented by P and 
if C cubic centimeters of molybdicyanide solution is employed in a given 
experiment, the correct ratio of oxidant to reductant (R) is given by Equa- 
tion 11 

'Table IV gives the details of the results and calculations a t  PH 1.10. 
The titration curve is not as steep as one would anticipate and there is a 
downward trend in the values for En obtained by applying the usual 
equation (next to last column). This cannot be caused by association 
between the oxidant and reductant for the trend is in the wrong direction. 
Indeed we have failed to discover the cause for this, but we have corrected 
for it by means of the empirical Equation 5, and there is reason to  accept 
the values thus obtained for En (last column), for the average is identical 
with the mid-point potential of the titration curve. 

TITRATION OF P-BENZYLAMINOPHENOL AT PH 1.10 
End-~oint (P) = 17.2 cc. 

Molybdi- 
cyanide 

soh.  
added, cc. 

5.0 
7.0 
9.0 

11.0 
13.0 
15.0 

Fraction Potential when 
of Mo [Oxidl = [Red]. 

Initial soln. o~stant ,  En en 
potential, unreacted, [Oxid] = R 7, of (nncorr.), (corr.). 

EL, v. m [Redl 4a. 5 v. v. 
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In  the experiments at PH 1.56 there was some overlapping in the poten- 
tials of the organic and inorganic systems, except for very low values of 
R, and the correction was applied in the same way, using 0.782 v. as the 
value for E (Mo). 

No general conclusions can be drawn regarding the velocity of decom- 
position of the oxidant, as inspection of the values for k in Table I11 will 
show. There is no definite trend with changing acidity; the rate is some- 
times constant over a considerable range of concentration of the oxidant, 
but it often increases decidedly as the amount of the quinone-imine in- 
creases. 

Some statement*should be made regarding the color of the solutions a t  
the conclusion of the experiments. From PH 1.10 to 3.53 the solutions were 
yellow; a t  PH 3.88 a faint purple developed, and at  PH 4.91 and beyond a 
red precipitate resulted from the oxidations. In the case of the highly 
colored solutions or suspensions a striking and significant effect was noted. 
As the end-point of the titration was approached the solution became pale 
purple, and when this point had been reached or passed the solution was 
pure yellow in color. The more intense color is thus caused either by an 
association or an interaction of the quinone-imine or its decomposition 
products with the reductant. 

We shall now turn to the interesting problem of determining whether 
the potentials of this system have been characterized accurately enough to 
reveal the dissociation constants of the oxidant and reductant. In Fig. 3 
the potentials of half-oxidation of Table I11 are plotted against the PH 

of the buffer solutions. It will be observed that the points fall on a smooth 
curve which has certain distinct characteristics. Starting in the neutral 
range, there is a straight portion which is parallel to the curve for the hydro- 
gen electrode potential and thus has the slope 0.05915 log [H+]. This 
"0.06 slope" is characteristic, though not uniquely so, of a system in which 
an oxidant or reductant is either un-ionized or completely ionized, and in 
the present case it is altogether reasonable to assume that they are un- 
ionized. Close to PH 5 there is an upward inflection and the curve then 
approaches an "0.09 slope." This indicates that a dissociation of some 
basic group begins to occur a t  about this acidity. That the potential 
becomes higher than when the components of the system are un-ionized 
means that it is the reductant which dissociates, for the removal of some of 
the undissociated reductant from the oxidation-reduction equilibrium by 
ionization would increase the ratio 

[Undissociated Oxidant I/ [Undissociated Reductant] 

and hence shift the potential to higher levels. The dissociation of the re- 
ductant is complete when the "0.09 slope" is reached, but a second inflec- 
tion in the opposite direction is noted at  PH 2.85 and the curve then swings 
back to a new "0.06 slope." This obviously indicates a basic ionization of 
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the oxidant, which eventually compensates for the dissociation of the re- 
ductant and brings the curve once more parallel to that for the hydrogen 
electrode. 

PH. 
Fig. 3.-Relationship between PH and the potential of half- 

oxidation of p-benzylaminophenol. (The line is theoretical, the 
points experimental.) 

Since the study of the system has not been pursued into the alkaline 
range, we may omit all consideration of the acidic ionization of the reduc- 
tant in developing an equation to cover the present observations. For the 
limited PH region investigated the equation for a system in which the oxi- 
dant and the reductant have the basic dissociation constants, KO and K, 
is as follows 

En = Eo + Eh + 0.02957 log K w  + Kr [Hf I 
K, + KO [H+l 

The term E, is the potential when [Oxid] = [Red], EO is the normal oxida- 
tion-reduction potential for the undissociated components of the system, 
Eh is the hydrogen electrode potential, K,  is the ionization constant of 
water, for which we have used the value 1.26 X and KO and K, are 
defined as follows 
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Kr = KW [ 4 < H  ]/[c6H4<0H ] iH+I  0 4 )  
NHaR NHR 

With the aid of this equation we have constructed a "best curve" to 
fit the experimental results, and the constants which we have thus 
found for the system are given a t  the bottom of Table 111. In the sixth 
column of this table are to be found values for E, for each PH as calculated 
from Equation 12 and the constants, and a comparison between the values 
found and those calculated is given in the following column. For further 
comparison the theoretical equation has been plotted in Fig. 3, and i t  will 
be seen that the experimental values (points) lie close to the curve. Com- 
ment on these results will be reserved until other systems have been defined. 

In addition to the measurements in aqueous solution, some knowledge of 
the nature of the system in an alcohol-water mixture was desirable. The 
solvent chosen contained primary and secondary phosphates in such a ratio 
as to  give a solution of PH 7.03 in water, and we considered that very little 
ionization of either the oxidant or reductant would occur in the neutral 
solution and hence that the potential difference between the oxidation- 
reduction electrode at half-oxidation and the hydrogen electrode in the 
same solvent would give an adequate measure of the "normal" oxidation- 
reduction potential. The cell employed was that just indicated, and we 
shall term the e. m. f. of this cell the normal potential Eo for the alcoholic 
solution. The results of a "discontinuous titration" are given in Table 
V. Comparison with the results in aqueous solution shows that the nor- 
mal potential is very nearly the same (compare 0.6984), but that the 
velocity of the disappearance of the oxidant is noticeably less in the alco- 
holic buffer than in the neutral aqueous solutions. 

TABLE V 
POTENTIALS OF THE SYSTEM p-BENZYLAMINOPIIENOL-N-BENZYL-QUINONE-IMINE 

Solvent: 37% alcohol, 0.038 M in KHgPO4, 0.067 M in NazHPOr 
Initial [Oxid I Normal Velocity 

potential, - Const., C ,  potential, constant, 
Ei, v. [Redl of ~ q .  5 Eo, v. k 

0.6803 0.214 1.00 0.7029 0.0027 
.6897 .417 1.11 .7026 .0026 
.6970 .700 1.11 .7023 .0022 
.7040 1.12 . . -7023 .0024 
.7113 1.83 1.19 .7024 .0021 
.7206 3.25 1.22 .7031 .0020 
.7330 7.50 1.20 .7033 .0020 

Av. 1.14 Av. 0.7027 Av. 0.0023 

p-Methylaminophenol-N-Methyl-quinone-i-he material used 
was a good, colorless commercial grade of the sulfate ("Photol"), crystal- 
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lized six times from water. Brawn samples of the material which are 
offered under the name 'Metol" appeared to contain a catalytically 
active impurity which is not easily removed. The catalyst does not affect 
the potentials to any noticeable extent, but it greatly accelerates the rate 
of decomposition of the oxidant. Three crystallizations yielded a color- 
less product which showed a reaction rate which was less than that for 
the crude material but still almost twice as great as for the purest samples 
which we studied. 

'The results for this system are summarized in Tables VI and VII. They 
require little comment, for the behavior was quite similar to that  already 

TABLE VI 
\'ARI.ATION or; ].HE POTENTIAL OF THE SYSTEM p-~~ETIIYLAMINQPHBNOL N-METHYL- 

QUINONE-IMINE ~ T H  HYDROGEN-ION CONCENTRATION 
Potential Diff. 

Hydrogen when En Velocity constant, 
elect. Constant, [Oxid] = Av. Calcd., (Found- k, when 

~>otential, C, of [Red], Bn, error, En, calcd.). [Oxid]/[Red] = 
P H I :  Eh, v. Eq. 5 v. mv. v. mv. 0.3 3.3 

TABLE VII  

Twrc SYSTEM 9-METHYLAMINOPHENOL-N-METHYL-QLJINONE-JMIN, IN NEUTRAL AL- 
COHOLIC SOLUTION 

Initial 
potential, 
Ei, v. 

[Oxid ] 
Normal Velocity 

Const., C, potential, constant, [s of Eq. 5 FA, V. k 

1.22 
1.10 
1.21 
1.18 

Av. 1.17 Av. 

11 The buffer solutions were similar to those descrihcd in Table 111. 
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described. In the first two series of experiments of Table VI it was neces- 
sary to correct for incomplete interaction between the molybdicyanide and 
the reductant in the manner explained above. It is perhaps significant that 
the values for the constant, C, indicate that the slight association between 
oxidant and reductant noted in the neutral solutions vanishes in the more 
strongly acid region. No precipitate was formed as the result of the oxida- 
tions; the color produced varied from yellow at  PR 1.10-3.56 to a purple- 
red a t  higher PH values. 

0 1 2 3 4 5 6 7 8  
PH. 

Fig. 4.-Relationship between PH and the potential of half- 
oxidation. 1,p-aminophenol; 2,methyl-@-aminophenol. 

In spite of the low rate of decomposition of solutions containing N- 
methyl-quinone-imine, and the greater accuracy which this fact implies, 
the potentials found do not fit the "best curve" quite as well as in the above 
instance, as the calculations in the table and the graph of the theoretical 
equation given in Fig. 4 will show. In constructing this curve considera- 
tion was given to the fact that the two "0.06 slopes" are quite sharply 
defined, and the burden of the error was thus thrown onto the potentials in 
the intermediate regions. 
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p-Aminophenol-Quinoae-imine.-A good grade of p-aminophenol was 
distilled at atmospheric pressure in an atmosphere of nitrogen and crystal- 
lized from alcohol. Tables VIII and M summarize the results. 

The exceedingly rapid decomposition of this system is evident from the 
velocity constants of Table VIII, which represent the drop in potential per 

TABLE VIII 
VARIATION OF THE POTENTIAL OF THE SYSTEM p-AMINOPHENOL-QUINONE-IMINE WITH 

HYDROGEN-ION CONCENTRATION 
Potential Diff., 

Hydrogen when En Velocity constant. 
elect. Constant, [Oxid] = Av. Calcd., (Found- k, when 

potential, C, of [Red], En, error. En, calcd.), [Oxid]/ [Red] o 
PH Eh, v. Erl. 5 v. mv. v. mv. 0.3 3.3 

minute. A preliminary study in a few buffers in the PH range 2-8 at first 
led us to believe that satisfactory results could only be obtained by the 
present method in neutral solution. At PH 7.57 the rate of change in 
the potential is no greater than for the system from p-benzylaminophenol, 
and the reaction follows the monomolecular course for about three minutes, 
thus permitting twelve readings for the extrapolation to each initial po- 
tential. At PH 6.96 the reaction velocity has more than doubled, but 
there is still a considerable straight portion of the time-potential curve, and 
there is little difficulty in obtaining reproducible results. In some of 
the more acid buffers, however, the situation becomes critical. With the 
potential changing more than one millivolt per second, one can still 
make fairly accurate settings of the potentiometer but one is seriously 
hampered by the fact that the time-potential curve drawn through the 
first few fifteen-second readings often contains no initial straight portion, 
the velocity decreasing progressively with time. Some of the curves re- 
sembled those calculated for a bimolecular reaction, but the reaction does 
not appear to be of the second order, for the velocity was not altered by 
a wide change in concentration. 

We did note one encouraging feature of this system, namely, that there 
is very seldom any lag in the adjustment of the potential a t  the start of an 
exper!ment. This, together with the fact that the reaction appears by 
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one rational criterion to be monomolecular, led us to a fresh attack of the 
problem. We suspected that the reason for the rapid decrease in the ve- 
locity so often noted is simply that a large proportion of the original quin- 
one-imine has been destroyed by the time the first two or three readings 
can be made and, consequently, that more reliable results would be ob- 
tained with a high rather than a low value for the ratio [Oxid]/ [Red]. One 
is usually faced with a greater lag in the potential under these conditions, 
but the present system is particularly favorable in this one respect. Our 
new experiments, in which particular weight was given to the experiments 
where the oxidant was in excess of the reductant, supported this view of 
the reaction. I t  was often observed that with a high value of R four or 
five of the first fifteen-second readings fell on a straight line and thus per- 
mitted an accurate extrapolation, while when R was given a low value the 
velocity was less at forty-five seconds than at  thirty seconds. There is 
no way of telling whether the velocity also decreases during the first thirty 
seconds, but, as an experiment, we made extrapolations from the first two 
readings and found the results to be in agreement with the other, surer 
ones. The results of this type of extrapolation, however dubious in prin- 
ciple, usually have been included in the averages as furnishing some slight 
support for the none too certain characterization of the system. 

Though when viewed individually some of the experiments appear ques- 
tionable, it is not only true that fairly good agreement is found in the values 
for the potential at  half-oxidation from a given series of experiments, but 
it will also be apparent that the complete set of results, viewed as a whole, 
forms a remarkably consistent picture. This can best be seen by examin- 
ing Fig. 4, Curve I. There can be little question about the essential ac- 
curacy of the figure for En at PH 7.57, and the value at  PH 6.96 is nearly as 
certain. In the next two buffers the potentials measured were shifting 
with extreme rapidity and the extrapolation curves were short, but the 
four En values found form a good, straight-line curve with the character- 
istic "0.06 slope." In fact the whole of the En-PH curve conforms closely 
to the type which has been noted for related compounds. The occurrence 
of the two "0.06 slopes" connected by the "0.09 slope" could hardly be 
fortuitous, and we thus feel that there is justification for regarding the 
constants found for this highly unstable system as fairly close approxima- 
tions (see Table VIII) . I 2  Entirely independent support of this conclusion 
is furnished by the comparison of Veley's value for the basic dissociation 
constant of P-aminopheno113 with the value here deduced. By a colori- 

l2  Equation 12 was used in making the calculations in the table. It should be 
noted that Conant and Pratt4 made use of an equation for the system under discussion 
which can now be declared incorrect, for it takes no account of the basic dissoci- 
ation of the oxidant. Our own equation is limited, for by definition it does not hold 
for solutions of such a PH that acidic ionization of the reductant takes place. 

la Veley, J. Chem. Soc., 93, 2122 (1908). 
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metric method, Veley obtained 6.6 X lo-'' at 15' ; the value here reported 
is 5.6 X 10-%t 25'. 

From Table IX it will be seen that the decomposition of quinone-hine 
in alcoholic solution is very much slower than in water, and that the rate 
of the reaction remains very nearly constant over a wide change of con- 
centration. At the end of the experiments in the alcoholic buffer the solu- 
tion was orange up to the end-point, then yellow. I n  aqueous solutiorl 
the color varied from a very pale purple a t  PH 2.69 to red a t  PH 4.91, while 
from PH 5.56 to 7.57 a brown precipitate was formed until up to the point 
where the end of the titration had been reached. 

Initial 
potential, 

Ei, v. 

Normal 
[Oxidl Constant, C, potential, 
[Redl of Eq. 6 a, V. 

0.7089 0.190 1.12 
,7172 .362 1.19 
,7250 ,593 1.15 
.7381 1.51 1.02 
.7443 2.24 1.13 
753.5 3.95 1.18 

,7663 9.44 1.17 
Av. 1.14 Av. 

ALCOHOLIC SOLUTION 

Velocity 
constant, 

k 

0.0027 
.0024 
,0023 
,0022 
,0021 
0020 

,0020 
Av. 0.0022 

p-Phenylenediamine-Quinonedi-irnine.-In aqueous solution this 
system was less stable than that just described. We had no success with 
measurements attempted in solutions less acid than PH 5, and no PH region 
was discovered in which altogether reliable results could be obtained. 
There is thus little means of determining the accuracy of the few determina- 
tions which we were able to make. In view of the use of this system as an 
oxidation-reduction indicator, these results are reported in Table X ;  

VARIATION OF THE POTENTIAL OF THE SYSTEM P-PHENYLENEDIAMING-(ZUINONEDI-IMINE 
WITH HYDROGEN-ION CONCENTRATION 

Hydrogen Potential 
elect. a hen [Oxid] = Constant Velocity constant, k 

potential, [Red], C, of En - Eh, when [Oxidl/[Redl - 
PH Eh. v En, V. Eq. 5 v. 0.3 3.3 

2.69 0.1589 0.6422 1.00 0.8011 0.084 0.104 
3.56 .2108 .5859 1.68 ,7967 .059 .086 
3.88 2296 .5665 1.74 .796 1 ,060 .060 
4.32 .2558 ,5491 2.04 .SO49 .046 .058 
4 91 ,2903 5147 2 08 8050 ,074 ,090 

they probably give a t  least a rough idea of the true potential in the range 
indicated. There is a suggestion in the results that the En-PH curve has 
the "0.06 slope," for the sum (En - Eh) approximates a constant quantity; 
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but we do not feel justified in undertaking a theoretical analysis on the 
basis of such scanty information. 

The behavior of the system in alcoholic solution was entirely different, 
and we are treading on much safer ground in considering the results listed 
in Table XI. The decomposition was not over-rapid and the time-po- 
tential curve was accurately linear up to from one and one-quarter to one 
and one-half minutes. The normal potential obtained is thus regarded 
as wholly reliable. The most interesting feature of the results is that the 
velocity of the destruction of the quinonedi-imine increases steadily as the 
concentration of the reactant decreases. The drop in potential varies 
from 25.5 mv. to 6.5 mv. per minute (next to last column) and the direction 
of the change is particularly striking. It must mean that the reductant 
enters into the reaction whose rate is measured and that it is the concentra- 
tion of this component of the system which causes the observed effect. 
But experimentation showed that the concentration of the reductant is 
not altered as a result of the decomposition reaction. This was ascertained 
by performing what amounts to a titration of the reductant remaining after 
the decomposition reaction had run its course. 

Initial Normal Velocity 
potential, IOxid] Constant, C, potential, Ei - Et constant, 

Ei, v. [Red] of Eq. 5 ‘31, v. t k' X 10-8 

0.7586 0.197 1.15 
.7681 .379 1.16 
.7751 .625 1.25 
.7820 .978 . . 
.7900 1.53 1.34 
.7968 2.50 1.20 
.8061 4.68 1.23 

Av. 1.20 Av. 

0.0255 1.9 
.0232 1.9 
.0201 2.0 
.0170 2.0 
.0150 2.3 
.0109 2.3 
.0065 ' 2.2 

Av. 2.1 

Among the various types of reactions by which quinonedi-imine con- 
ceivably might be destroyed, there is one which perfectly answers the re- 
quirements which the experiments seem to imply, namely, an interaction 
between the oxidant and the reductant without causing a change in the 
concentration of the latter. That reaction is the 1,Paddition of the re- 
ductant to the oxidant, as follows 
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From the general knowledge of substituted and unsubstituted quinones, 
one can say that the equilibrium point of the second reaction would be 
such as to favor the products almost exclusively, so that the net result of 
the initial addition reaction, which would be the slower of the two, would be 
the destruction of two molecules of quinonedi-imine and the maintenance 
of the reductant a t  its original concentration. The reaction may, and 
probably does, go farther, with the ultimate conversion of three molecules 
of quinonedi-imine into one molecule of a dianilino-quinonedi-imine, but 
this would not alter the nature of the reaction. 

If this mechanism is correct the reaction is of the second order and the 
reductant functions as a catalyst. The velocity constant may be repre- 
sented thus 

2.3026 k' = - [Oxidli 
t [Red], log [Oxidli - x 

where [OxidIi is the initial concentration of the quinonedi-imine and 
where the subscript c indicates a concentration which may be varied from 
one experiment to another, but which remains unaltered as a result of the 
reaction. The potential at  any time, E,, may be expressed as follows 

E, = Ei - 0.02957 log 
[Oxidli 

[OxidIi - x (17) 

Combining Equations 16 and 17 it is seen that 
k' = 77.87 (Ei - E,)/t[Red], (18) 

This equation calls for a linear time-potential curve for each ratio of 
oxidant to reductant, but a decreasing velocity with an increase in that 
ratio. From this equation (and the value 0.0013 M for the total concen- 
tration of the organic system in all of the experiments) values for the bi- 
molecular reaction constant have been calculated and they are included in 
Table XI (last column). The concordance in the values is sufficient to 
show that the reaction is of the type defined. 

Methyl p-Phenylenediamine-N-Methyl-quinonedi-im.-The sub- 
stitution of a methyl group for one of the amino hydrogen atoms of $- 
phenylenediamine produces little change in the character of the oxidation- 
reduction system. Measurements in aqueous solution were not very satis- 
factory and will not be reported. In the alcoholic buffer the decomposition 
reaction again appeared to be bimolecular, with the reductant func- 
tioning as a catalyst, and Equation 18 was thus used in calculating the 
velocity constants given in Table XII. 
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Initial Normal Velocity 
potential, [Oxid] Const., C, potential, 13i - Et constant, 

El, v. [Red] of Eq. 5 f i ,  v. 1 k' X 103 

0.7230 0.195 1.34 
.7347 .373 1.34 
.7430 .613 1.28 
.7502 .957 . . 
.7572 1.49 1.20 
.7661 2.41 1.30 
.7759 4.41 1.36 

Av. 1.32 Av. 

0.0213 1 .5  
,0220 1 . 9  
,0200 1.9 
,0170 2 . 0  
,0138 2 . 1  
,0114 2 . 3  
,0094 3 .0  

Av. 2 . 1  

p,p'-Dihydroxystilbene-Sti1benequinone.-Owing to the lack of suffi- 
cient solubility, this system could not be studied in aqueous solution, 
but good results were obtained in the alcoholic buffer. The time-potential 
curve was linear up to about three minutes, but there usually was a lag of 
from one-half to one minute. The velocity of decomposition again in- 
creases with increasing concentrations of the reductant (Table XIII) and 
the constancy of the velocity constant calculated for the catalytic second 
order reaction is as good as could be expected. 

Initial Normal Velocity 
potential, [Oxidl Const., C, potential, E i  - Et constant. 

Ei, v. [Red] of Eq. 5 Ea, v. 1 k' x 103 
1.37 
1.42 
1.53 
1.36 
. . 

1.63 
1.51 
1.  Fi3 
. . 

Av. 1.48 Av. 

0.097 
.096 
.095 
.097 
.088 
.087 
.085 
.084 
.099 

Av. 0.092 

According to the interpretation given above of the nature of this type of 
reaction, this indicates that stilbenequinone forms an addition product with 
its reduction product, a behavior which appears to be common enough with 
the quinonedi-imines, but which is unique in the quinone series. It was 
noted that a bright yellow substance precipitated from the partially oxi- 
dized solutions, but failed to form when the reductant was no longer 
present. I t  seems probable that this is the quinone formed on oxidation 
of the primary addition product. The marked additive power of stilbene- 
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quinone has been noted by Zincke and Miinch,14 but little is known about 
the products formed. 
p,pf-Dihydroxydiphenyl-Diphenoquinone.-The potentials observed 

for this system exhibited the linear relationship up to about three minutes, 
and there was usually a delay of one-half minute before the regular descent 
started. The rate of the reaction showed no variation with a change in the 
concentrations of oxidant and reductant. A brown substance precipitated 
from the partially oxidized solutions but not when oxidation was complete. 
This suggests that the reductant is in some way involved in the decnm- 
position reaction, but the exact nature of the reaction is not clear. 

TABLE XIV 
THE SYSTEM p,pl-DIHYDROXYDIPHENYL-DIPHENOQUINONE IN NEUTRAL ALCOHOLIC 

SOLUTION 
Initial 

potential, 
Ei, v. 

0.9326 
.9410 
.9480 
.9538 
,9605 
.9670 
,9780 

Const,, C.  
of Eq. 6 

1.04 
1.06 
1.05 

1.14 
1.08 
1.20 

Av. 1.08 

Normal 
potential, 

Eo, v. 

0.9550 
.9544 
.9544 
.9541 
.9546 
.9543 

( .9566) 
Av. 0.9544 

Velocity 
constant, 

k 

0.0059 
.0066 
.0061 
.0060 
.0050 
.0050 
.OM8 

Av. 0.0056 

Other Systems.-Oxidation experiments in the neutral alcoholic 
buffer solution with the following compounds were unsuccessful; the solu- 
tions were so unstable that the potentials could not be determined ac- 
curately by the present method: o-aminophenol, o-phenylenediamine, 
catechol, nitrohydroquinone, 2,6-dihydroxynaphthalene. 

One of the purposes of this investigation was to acquire information and 
experience of various unstable systems which might be useful in a study of 
the oxidation-reduction systems which are formed when monatomic phen- 
ols and amines are oxidized. One or two such systems appear to  possess 
a stability well above the average, and i t  was hoped that some such system 
might be discovered which would prove accessible to direct potential meas- 
urement. We have made a preliminary study by the method here de- 
scribed of 9-chloro-10-phenanthrol and the radical produced when i t  is 
oxidized,15 and we have found that the system is electromotively active 
and that i t  behaves in much the same way as those which have been de- 
scribed above. The potentials, however, appear to be subject to  a peculiar 
fluctuation from one experiment to another, and only a thorough investiga- 
tion can determine if i t  is possible to characterize such systems by direct 
methods. 

l 4  Zincke and Miinch, Ann., 335, 167 (1904). 
'5 Goldschmidt and Steigerwald, ibid., 438, 202 (1924). 
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Comparison of Results 

Table XV lists the rounded average values found for the normal po- 
tentials of the systems studied. This term is defined as the potential 
difference between a dilute solution of equimolecular quantities of the oxi- 
dant and the reductant when neither is ionized, and a hydrogen electrode 
in the same solvent. 

System named as reductant 

p-Methylaminophenol 
p-Benzylaminophenol 
p-Aminoph6nol 
p,pr-Dihydroxydiphenyl 
p,pt-Dihydroxystilbene 
p-Phenylenediamine 
N-Methyl-p-phenylenediamine 

Normal potential, & 
Alcohol, Water, 

V. v. 

0.693 0.688 
.703 .698 
.733 .728 
.954 . . 
.854 . . 
.783 ( .801) 
.751 . . 

Half-life (neutral 
solution) 

Alcohol, Water, 
min. min. 

35.6 7 . 4  
3 .9  1 . 4  
3 .9  1 .1  
1 .6  . ~ .  
1 . 1  . . .  
0 . 5  0 . 1  

. 5  ... 

The potential of diphenoquinone (I) and its reduction product is the 
nighest yet recorded for an organic system. Stilbenequinone (11), though 

it has a more extended conjugated system of linkages, falls well below this 
compound in potential, though it is about equal to the polyhalogenated 
o-benzoquinones and 0.15 v. above pbenzoquinone on the potential scale. 

Comparison of the various quinone-imines and di-imines (in alcoholic 
solution) with quinone shows that the substitution of the imino group for 
the ketonic oxygen atom progressively increases the affinity of the quino- 
noid substance for hydrogen 

The N-methyl derivatives of quinone-imine and quinonedi-imine are 
lower in potential than the parentsubstances by about the same amount 

O ~ N C H .  - H N ~ N C H ~  - 
Eo = 0.693 v. Eo = 0.751 v. 

A benzyl group has much the same effect as methyl. 
A further interesting comparison is of the basic dissociation constants 

determined for three of the systems, and these are listed in Table XVI, 
along with the pK-values (pK = -log K). We have also included in the 
table the data of Clark, Cohen and Gibbs for the first dissociation constants 
a t  30' which they report for systems studied by them. 
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TABLE XVI 

FIRST BASIC DISSOCIATION CONSTANTS 

Recluctant Oxidant 
System, named as redactant Kr PKr Kc 

p-Aminophenol 5.6 X lob9 8 .2  1.0 X lo-'@ 
p-Methylaminophenol 1.0 X 10-8 8.0 1.0 X lo-'* 
P-Benzylaminophenol 1.5 X 8.8 9 .0  X 10-l2 
p-Aminodimethylanilinez 3.9 X 10" 7.4 5.0 X 
o-Tolidine2 6 .2  X 10-lo 9.2 2.7 X 

According to the present results the ionization constants for p-amino- 
phenol and quinone-imine are not appreciably affected by the substitution 
of methyl for hydrogen, but they are both decreased by the substitution of 
a benzyl group. The difference between pKo and pK, is fairly constant, 
from 1.3 to 2.2 units, and it is always in the same direction. The quinone- 
imine in each case has a smaller dissociation constant than its reduction 
product. It appears odd that in the case of the di-imines i t  is the oxidant 
which is the more highly ionized. This causes an interesting difference in 
the form of the En-PH curves, a difference at  once apparent on compar- 
ing Clark's curves with those given here. 

In Table XV the systems have been listed in the order of decreasing 
stability. As an arbitrary basis of comparison in aqueous solution, we 
have taken the rates of decomposition at  PH 7.57. The half-life periods 
given are fairly accurate for the alcoholic solutions; for water they repre- 
sent approximations. The most striking feature about these results is 
that the systems are all far more stable in a neutral phosphate solution 
when this contains 37% of alcohol than when it contains no other solvent 
but water. We see no way of accounting for this, but the practical im- 
plications are obvious. If a given system proves too unstable for po- 
tentiometric study in aqueous solution it is likely that the conditions will 
be improved on operating in a partially non-aqueous solvent. Not only 
is the stability greater, but it has been observed throughout this work that  
the velocity constants found in the various experiments of a series show 
much the better agreement in the case of the alcoholic solutions. 

There appears to be little correlation between the velocity of decomposi- 
tion and the acidity of the solution; the only marked effect noted is that  
quinone-imine is decidedly more stable at  PH 7-8 than in more acidic solu- 
tions. It is evident that the rate of the reaction often varies considerably 
according to the nature of the solution and the relative concentrations of 
oxidant and reductant, and that there is often a great difference in the 
behavior of closely related compounds. 

We can say little regarding the nature of the reactions by which the oxi- 
dants suffer decomposition other than that with two quinonedi-imines and 
one quinone of unusual structure the reaction very probably is one of ad- 
dition of the reductant to the oxidant. In the other cases there are so 



inany possibilities that velocity measurements alone are of little assist- 
ance in establishing the complete mechanisms. It is not improbable that 
each of the following reactions contributes in some instances to the instabil- 
ity of the systems: self-condensation and self-oxidation of the oxidant, 
the addition of the elements of water, reaction with the reductant. 

Summary 

By means of a "discontinuous titration" method it has been possible to 
determine the oxidation-reduction potentials of systems which are so un- 
stable that the half-life period for the decomposition of the oxidant is of 
the order of one-tenth to one-half minute. With the systems formed by 
p-aminophenol and two of its N-alkyl derivatives the variation of the poten- 
tial with the hydrogen-ion concentration has been studied in the PH range 
1-8, and the basic dissociation constants have been determined from the 
results. Seven systems have been studied and the more important con- 
stants found are summarized in Tables XV and XVI. 

[CONTRIBUTION FROM THE CHEMICAL LABORATORIES OF THE UNIVERSITY OF NORTH 

CAROLINA] 

PRELIMINARY STUDY ON THE ANTIRACHITIC PROPERTIES 
OF SHRIMP OIL 

Shrimp oil is the ether-soluble oil obtained when the waste of the shrimp 
industry is extracted. It has been obtained by the authors3 in their study 
on the utilization of shrimp waste. A later chemical study of this oil 
showed the presence of 197" of cholesterol, the presence of which led to the 
study of the oil for its antirachitic properties. 

This investigation consisted in the feeding study of the oil on white rats, 
which had become rachitic by special feeding. Standard cod liver oil and 
shrimp oil were fed a t  the same time to get a relation of the antirachitic 
properties of the oil. After three generations of breeding, the selected 
young rats were fed on Sherman's growth diet B consisting of 66.7 g. of 
whole wheat, 33.3 g. of whole milk and 1.3 g. of sodium chloride, until 
they were twenty-eight days old. Part of the series was continued on this 
diet to serve as normal controls, another part was fed Steenbock's diet 
2965* for the production of rickets. When they had developed the rickets, 

Assistant Professor of Physiological Chemistry, University of North Carolina. 
Professor of Chemical Engineering, Iowa State College, Ames, Iowa. 

a F. C. Vilbrandt and K. F. Abernethy, "Utilization of Shrimp Waste," Fisheries 
Document 1078 (1930). 

H. Steenbock and A.  Black, J. Biol. Chem., 64,268 (1924). 
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which condition was shown by x-ray pictures and outward appearances, 
the rachitic rats were divided into three divisions. The first division was 
fed cod liver oil, the second division was fed shrimp oil and the third 
division was continued on the rachitic diet. The oils were added to the 
rachitic diet and the feeding test was continued for a period of five days. 
There were four groups of rats, (1) the rachitic and (2) the normal rats to 
serve as extreme controls and the two classes of rats one of which was fed 
cod liver oil and the other shrimp oil. 

In this investigation three methods of measuring the amount of cure 
in the rats were used: (a) McCollum's5 line test; (b) percentage of ash in 
the bone%nd (c) the amount of calcium and phosphorus in the blood. 
The line test and the determination of the calcium and phosphorus in the 
blood were made by Dr. F. P. Brooks. (These data are not available and 
are material for a separate and more extensive paper by Dr. Brooks.) The 
ash determinations on the bone and the calcium and phosphorus deter- 
minations on the ash were made according to the Standard M ~ t h o d s . ~  
'The data in Table I and I1 will show there was some cure by the shrimp 
oil, but also that there was less cure in the second series than there was in 
the first. 

In the first series of determinations 16 rats were used. At the age of 
twenty-eight days twelve rats were fed the Steenbock diet 2965 for four 
weeks. At the end of this time x-ray pictures and the outward appearance 
showed the animals to be rachitic. After the animals were found to be 
sufficiently rachitic, four of the twelve were fed shrimp oil with the rachitic 
diet, four were fed the rachitic diet with cod liver oil added and the other 
four were fed the rachitic diet. They were fed this oil diet for five days and 
then the sixteen rats were killed, the blood was taken for analysis and 
the bones from the rear legs were removed for the line test and the ash 
determination. The blood from the four rats of one group was combined 
to get a sufficient quantity for analysis. The bones were preserved in ace- 
tone until analyzed. 

The Effect of Treated Feeds on Ash in Bones.-The results for the 
rat noted K are abnormal; the amount of food consumed by this rat  was 
small, hence the results on this rat are not taken into consideration in 
determining the average. Examination of the data will disclose that the 
rachitic rat had the smallest percentage of ash and the control the highest. 
The rachitic rats that were fed the oils show some cure by being between 
the two extremes. 

6 E. V. McCollum, J. Biol. Chem., 51,41 (1922). 
F. S. Harnmett, ibid., 64,415 (1925). 

7 Bethke, Steenbock and Nelson, ibid., 58, 76 (1923); J. 0. Halverson and Olaf 
Bergeim, "The Preparation of N/100 Permanganate Solutions," J. Ind. Eng. Chem., 
10, 119 (1918); R .  E. G. Mahin. "Quantitative Analysis," 1922, p. 453. 
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Condition of rats 

Rachitic 
Rachitic 
Rachitic 
Rachitic 

Average 

Shrimp oil fed 
Shrimp oil fed 
Shrimp oi% fed 
Shrimp oil fed 

Average 

Notation 

A 
B 
C 
D 

AMOUNT OF ASH IN BONES 

% Ash Condition of rats Notation 

43.55 Cod liver oil fed I 
41.54 Cod liver oil fed J 
45.62 Cod liver oil fed K 
43.61 - Cod liver oil fed L 

43.58 Average 

46.77 Normal controls M 
45.33 Normal controls N 
47.65 Normal controls 0 
44.54 Normal controls P - 
46.07 Average 

Effect of Treated Feeds on Calcium and Phosphorus in Bones.- 
As in the determination of the percentage of the ash, the percentage of the 
calcium and of the phosphorus shows that the shrimp oil has some curative 
properties on rachitic rats. 

TABLE I1 
CALCIUM AND PHOSPHORUS CONTENT OF ASH 

Condition Calcium. % Phosphorus, % 
of rats Notation Bone Ash Bone Ash 

Rachitic A 16 78 38.54 7.81 17.94 
Rachitic B 15.65 37.26 6.64 16.13 
Rachitic C 16.22 37.70 8.43 18.60 
Rachitic D 16.95 38.90 . . .  - - P - 

Average 16.40 38.10 7.63 17.56 

Shrimp oil E 18.05 38.59 8.59 18.34 
Shrimp oil F 17.55 38.61 8.30 18.30 
Shrimp oil G 18.14 38.07 . 9.09 19.08 
Shrimp oil H 16.81 37.80 8.12 18.24 - - - - 

Average 17.64 38,27 8.52 18.49 

Cod liver oil I 17.49 38.83 8.07 18.10 
... ... Cod liver oil J 16.23 38.26 

. . .  Cod liver oil K 15.60 38.90 . . .  
Cod liver oil L 17.45 . . - 39.20 - - - 

Average 16.69 38.79 8.07 18.10 

Controls M 20.32 37.64 10.05 18.64 
Controls N 20.11 36.91 9.45 17.23 
Controls 0 19.55 37.00 8.65 16.30 
Controls P 20.63 37.85 . . .  . . .  - - - - 

Average 20.15 37.35 9.54 17.39 

Summary 
In  the investigation of the antirachitic properties of shrimp oil i t  was 

found from the analysis of the blood and the bones that the oil had proper- 
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ties akin to cod liver oil that tended to cure the rachitic rats. From an 
examination of the data it is found in the first series that the shrimp oil 
was as potent as the cod liver oil. The second series showed some cure but 
less than the cod liver oil, probably due to the increasing rancidity of the 
shrimp oil. 

AMES, IOWA 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF HARVARD UNIVERSITY] 

PSEUDO BASES IN THE ISOXAZOLE SERIES. THIRD PAPER 

The pseudo bases that have been described in earlier papers of this series 
are derived from isoxazoles in which all available positions are filled with 
hydrocarbon residues. In all these cases the rearrangement of the true 
base results in a pseudo base in which the hydroxyl group occupies the 5- 
position. In order to determine whether this mode of rearrangement is 
altered by an acidic group in this position, we have alkylated a ketonic 
isoxazole and studied the behavior of the resulting salts toward bases 

C6H6kC-COCsH.iCl C6HaC=C--COCeH4Cl 

I >. 
CeHsCLN -[ CeHsbN-C~HS 1 > Ix  

I I1 
The ethylation presented no difficulties and the salts could be manipulated 

in the same manner as those described heretofore. When they were shaken 
at  a low temperature with aqueous sodium bicarbonate or sodium hydroxide 
and ether, the organic material immediately passed from the aqueous to the 
ethereal layer and when the ethereal solution was acidified the salts were re- 
generated. The alkylated ketonic isoxazole, therefore, forms a pseudo base 
in the usual manner. 

By cautious manipulation of its ethereal solution i t  was possible to isolate 
the pseudo base as a colorless crystalline compound. Ozonization of this 
compound yielded equivalent quantities of benzoic and 9-chlorobenzoic 
acids, and a halogen-free substance which has not been identified. This 
result shows that the rearrangement, as usual in this series, leads to a 5-hy- 
droxy compound, and it leaves but two possible formulas for the pseudo 
base 
CaH6C-COCOC6H4C1 CsHsC=CCOCeHacl CeHsC-C(0H)COCsHdCl 

C~H~C-N' CeHsG=NCaHs 
li >. 

CeHsC-NCzHs 

I11 IV 

The lack of color in our pseudo base definitely excludes formula I11 
which represents an a-diketone that would be intensely yellow. The 
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pseudo base, therefore, is constituted precisely like all the others that we 
have described. It presents, however, certain peculiarities which are due 
to  the substitution of the ketonic group for a hydrocarbon residue. It is 
not possible, for example, to transform the base into its ether by treatment 
with alcoholic potassium hydroxide. I t  is also impossible to secure such an 
ether directly from the salts. That this difference between the new pseudo 
base and nearly all others that are known is due to the ketonic group, is 
shown by the fact that it is equally impossible to methylate the ketonic 
hydroxy isoxazolines in which the relation between the hydroxyl and ke- 
tonic groups is the same. 

Another peculiarity of the new pseudo base shows itself in the ease and 
in the manner in which it alters with time. Other pseudo bases of this 
series, in solution, and especially in the presence of alkalies, lose water more 
or less rapidly and pass into open-chained anhydro compounds. The 
ketonic compound changes spontaneously even in the solid condition and 
the principal product is ethyl diphenyl isoxazolone 

CeH6C-C(0H)COCsHrCl C6HaC-C=O 

li >o + I/ )O + ClC6H4CH0 
CaHsC-NC~HK CeH6C-NC2H6 

A similar cleavage accounts for some of the difficulties encountered in 
attempts to prepare the methyl ether directly from the salts. The ether 
may be formed in the operation but, if so, then it is immediately cleaved 
and the process goes further than in the spontaneous decomposition, end- 
ing in the open-chained compound VI 
[CeH~~=C>-oCOCeH4Cl CeHsC-C(0CH~)COCeH~Cl C6HsC-COOCHa lx- II >. + 

CGHSC=NC~H~ CeHsC--NC,H6 
I/ 

CaHsC-NHCzHs 
v VI 

The open-chained cleavage product may, as has been stated, originate in 
the methyl ether V, but it is possible also that cleavage precedes methyla- 
tion. In  order to explore this possibility we have also examined thebehavior 
of the salts that are obtained by ethylating 3,4-diphenyl isoxazole. These 
can be obtained without dacul ty  by means of a series of reactions which 
may be represented as follows 

VII  VIII  

In  this case neither the pseudo base nor its methyl ether could be iso- 
lated. When the salts VIII were treated with aqueous alkalies they im- 
mediately yielded a dimolecular anhydride, and when either this anhydride 
or the salts were acted on by methyl alcoholic sodium hydroxide, the prod- 
uct was the open-chained ester VI 
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VIII 

CsHsC--CH-0--CH-CCsHb C~HSC-CO&H~ 
+ >o 

O< I -- [ 
C6H6C -NCSHS C?HaN - CCeI-lj CsHs -NHCzHr 

IX VI 

I t  is evident that the open-chained ester may originate either from the 
methyl ether V or from an antecedent cleavage product akin to VIII. I t s  
structure is certain because i t  gives benzoic acid and ethyl benzamide when 
ozonized, therefore, has a double linkage in the a,@-position, and hydro- 
chloric acid converts it into benzoyl phenyl acetic ester-a characteristic 
transformation of /?-amino unsaturated esters 

CeHsC(NHC1Hs)=C(CcH5)COOCHa -+ C6HsCOCH(CsHr)COOCH3 
VI X 

The formation of the open-chained ester represents a novel transforma- 
tion of pseudo bases in the isoxazole series, a transformation which can occur 
only when the 5-position is unoccupied or is occupied by a group that is 
easily removed by bases. Since the pseudo bases derived from isoxazoles, 
in which both the 3- and 5-positions are unoccupied, undergo an entirely 
different type of rearrangement, this transformation into an open-chained 
ester may be regarded as a characteristic reaction of pseudo bases derived 
from 3,4-disubstituted isoxazoles. 

Experimental Part 

The isozazole that served as a starting point has been described heretofore 
because it turns up in small quantities whenever the corresponding bromo 
compound reacts with bases1 

C6HsCHCHBrCOCCI3,Cl C6H5C=C-COCsH~C1 

I ---3- 

CsHsCHn'02 
I >o 

CsHsC=N 

For preparing i t  in quantity we devised a method which gives a yield that  is 
almost quantitative. The procedure was as follows. 

A suspension of 1130 g. of the bromo compound and an equal weight of potassium 
acetate in 500 cc. of methyl alcohol was boiled until bumping became serious. The 
mixture was then cooled and filtered. After washing the solid isoxazole with methyl 
alcohol until it was colorless, the filtrate and washings were boiled again and this 
operation of boiling and filtering was repeated as often as was necessary until no more 
solid separated. The filtrate was then concentrated in steps, finally evaporated almost 
to dryness, and set aside. I t  deposited a solid cake of isoxazole, bromide and acetate. 
The salts were removed with water, and the isoxazole washed with ether, which dis- 
solved a green impurity along with a small quantity of the isoxazole. All fractions 
of the isoxazole were combined and recrystallized from glacial acetic acid. The yield 
was 77.5 g. or 987,; m. p. 165-166". 

Ethylation.-A suspension of 15 g. of the isoxazole in 50 g. of diethyl sulfate was 
heated in an oil-bath for two and one half hours a t  125-130". The isoxazole gradually 

Kohler and Addinall, TITIS JOURNAL, 52, 1597 (1930). 
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dissolved during the heating, and the solution became quite brown. This solution was 
used for preparing the salts represented by 11. 

The Acid Sulfate.-The ethylation mixture was heated on a steam-bath with 25 cc. 
of concentrated hydrochloric acid and an equal volume of water until the two layers 
disappeared. The solution was then extracted with ether, which removed unchanged 
isoxazole and other impurities and evaporated. I t  finally deposited colorless plates. 
which were washed with ether, and with a little water, then recrystallized from methyl 
alcohol. The salt separated in colorless plates melting a t  192-193". 

Anal. Calcd. for &HwOaNClS: C, 59.3; H, 4.2. Found: C, 59.3; H, 4.6. 
The Ferric Chloride Double Salts.-The ethylation mixture was hydrolyzed as 

before, diluted with 20 cc. of water and thoroughly extracted with ether. The aqueous 
solution was then heated to expel dissolved ether, cooled and treated with a satu- 
rated solution of ferric chloride which was added drop by drop as long as a precipitate 
formed. The precipitate was washed with ether and a little water, dried and recrystal- 
lized from glacial acetic acid, from which it separated in yellow plates. The yield was 
18.2 g. 

The earlier preparations yielded a salt that melted at  130.5'. Later a new salt 
melting a t  139.5' made its appearance, and after that only the higher-melting salt 
could be obtained. The composition of the two salts was the same. 

Anal. Calcd. for Cz4Hl9OnNCl6Fe: C1,24.1. Found: (130") C1,23.1; (139") 23.4. 
The Pseudo Base 1V.-Inasmuch as the pseudo base decomposes spontaneously 

it was made only in small quantities as needed. For this purpose 2.25 g. of either of 
the ferric chloride double salts was suspended in alcohol-free ether and treated with a 
water solution of 5 g. of sodium bicarbonate. A vigorous reaction occurred and the 
ether layer immediately became yellow. After removing the ferric hydroxide by filtra- 
tion the ethereal layer was separated and the aqueous solution extracted with fresh 
ether. The ethereal solution was dried with sodium sulfate and allowed to evaporate. 
It deposited a slightly yellow product which became colorless when recrystallized from 
ether-petroleum ether; yield, 1.3 g., equal to 85%. 

Anal. Calcd. for CzrHzoOaNCl: C, 70.9; H, 5.0. Found: C, 70.5; H, 5.1. 
The pseudo base is insoluble in water, soluble in all organic solvents except pe- 

troleum ether. I t  crystallizes in colorless prisms and melts with decomposition a t  
about 128". When its solution in alcohol-free ether is shaken with 1: 1 hydrochloric 
acid and a saturated solution of ferric chloride, i t  deposits in nearly the calculated 
quantity the ferric chloride double salt which melts a t  13g0. 

Spontaneous Decomposition.-A 0.5-g. sample of the pseudo base which had been 
kept in a glass-stoppered bottle for several months and had become dark in color, was 
dissolved in ether. From the resulting ethereal solution sodium bicarbonate extracted 
an acid which was identified as 4-chlorobenzoic acid by its melting point and by com- 
parison with a sample on hand. After removing the chloro acid, the ethereal solution 
was dried, concentrated and diluted with petroleum ether. I t  thereupon deposited a 
solid which crystalliied in diamond-shaped prisms and melted a t  145-146O. 

Anal. Calcd. for CltH160sN: C, 77.0; H, 5.7. Found: C, 77.0; H, 5.7. 
The composition, solubility, crystalline form and melting point agree with those 

of ethyl diphenyl isoxazolone. This substance was, therefore, synthesized by the 
method of Kohler and Blatt.2 A comparison of the two products proved their identity. 

Ozonization of the Pseudo Base.-A current of ozonized oxygen containing about 
6% ozone was passed through a suspension of the pseudo base for one and one-half hours. 
At the outset the ozone was absorbed freely and the base dissolved. The ethyl bromide 

Kohler and Blatt, THIS JOURNAL, 50, 514 (1928). 



Dec., 1930 PSEUDO BASES IN THX ISOXAZOLE SERIES 4947 

was evaporated in a current of dry air, the residual oil shaken with water and the result- 
ing emulsion extracted with ether. From the ethereal solution sodium bicarbonate ex- 
tracted both benzoic and p-chlorobenzoic kids. The ethereal solution from which 
these acids had been removed was dried,roncentrated and diluted with petroleum ether. 
I t  deposited a pale yellow solid melting at  120-130 O. As no method was found for purify- 
ing the substance it could not be identified. 

Attempts to Make a Methyl Ether.-Methyl alcohol containing a trace of potassium 
hydroxide had no action on the pseudo base and sodium methylate was found to be 
too destructive. The ferric chloride double salt was, therefore, treated with sodium 
bicarbonate in the following manner. One gram of the finely powdered double salt 
was suspended in 25 cc. of methyl alcohol. To this suspension were added 25 g. of ice. 
40 cc. of alcohol-free ether and 0.6 g. of sodium bicarbonate dissolved in water. The 
mixture was shaken until the yellow salt had disappeared. The ethereal layer was 
then decanted and filtered, and the aqueous layer thrice extracted with ether. The 
ethereal solutions were dried, concentrated to small volume and diluted with petroleum 
ether. On cooling and rubbing they deposited 0.4 g. of a colorless solid which melted 
when crude a t  102O. Addition of acid to the aqueous solution precipitated p-chloro- 
benzoic acid. 

These same products-p-chlorobenzoic acid and a substance melting a t  101-102 O- 
were obtained when 2 g. of the ferric chloride double salt was shaken with 50 cc. of 
methyl alcohol, 50 g. of ice, 75 cc. of alcohol-free ether, and 2 g. of sodium hydroxide 
dissolved in water. The yield of the product melting at 101-1Q2° was 0.9 g. or 90%. 
The product was recrystallized both from ether-petroleum ether and from acetone- 
methyl alcohol, but the melting point remained the same. 

Anal. Calcd. for ClaH1902N: C, 76.9; H, 6.8; OCHa, 11.05. Found: C,  76.8; 
H, 6.8; OCHI, 10.6. 

The ester is readily soluble in acetone, moderately soluble in ether and methyl 
alcohol. I t  crystallizes in plates. 

Methyl ~j3-Diphenyl-j3-ethylaminocinnamate 
Ozonization of the Ester.-Through a solution of 4 g. of the ester in 35 cc. of carbon 

tetrachloride a rapid current of ozonized oxygen was passed for one and one-half hours- 
half an hour after ozone appeared in the effluent gas. The solvent was pumped off and 
the residual oil shaken with ice water. The resulting emulsion was heated gently, the 
temperature being kept below 50°, then cooled and extracted with ether. The ethereal 
solution contained benzoic acid, which was removed with bicarbonate and identified. 

After removal of the benzoic acid, the ethereal solution was dried with sodium 
sulfate and evaporated. It left an oil which solidified after vigorous rubbing. By 
recrystalliiation from ether-petroleum ether the solid was obtained in diamond-shaped 
plates which melted a t  66869O. 

Anal. Calcd. for C9H110N: C, 72.4; H, 7.5. Found: C, 72.5; H, 7.6. 
The composition of the substance corresponds to that of ethyl benzamide, and i t  

gave benzoic acid when it was boiled with concentrated hydrochloric acid, but owing 
to the small quantity available ethylamine could not be identified with certainty. 
Ethyl benzamide was therefore prepared from benzoyl chloride and ethylamine. It 
melted a t  88-69 O and a mixture of the preparation and the ozonization product melted 
a t  the same temperature. 

Hydrolysis of the Ester.-A solution of 0.55 g. of the ester in concentrated hydro- 
chloric acid was set aside for a day. On dilution with an equal volume of water i t  
deposited a solid which was identilied as desoxybenzoin. The diluted solution on stand- 
ing deposited more solid, which proved to be a mixture. I t  was separated by fractional 
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crystallization from ether-petroleum ether into desoxybenzoin and a substance which 
melted a t  72-73'. 

Anal. Calcd. for CleH14Os: C, 75.61 H, 5.6; Found: C, 75.3; H, 5.7. 
This substance was identified as the methyl ester of benzoyl phenyl acetic acid by 

comparison with a sample on hand.3 Concentrated hydrochloric acid gradually trans- 
formed it into desoxybenzoin, 

Reparation of 3,4-Diphenyl Isoxazole (VII).-The preparation of this isoxazole 
from anisoyl diphenyl isoxazole was described in an earlier papers

4 We obtained it in 
a much better yield from p-chloro-benzoyl diphenyl isoxazole. Since it is readily 
cleaved, it is necessary to operate as rapidly as possible and it is advantageous to operate 
with small quantities. Our procedure was as follows. A suspension of 2 g. of 3,4- 
diphenyl-5-(p-chloro-benzoy1)-isoxazole in 20 cc. of ethyl alcohol, and a solution of 0.5 
g. of sodium hydroxide in 10 cc. of ethyl alcohol, were mixed a t  the boiling point. The 
mixture was boiled for one and one-half minutes, during which the isoxazole dissolved, 
then immediately cooled under the tap and filtered, to remove a small quantity of 
unchanged material. The filtrate was diluted with 150 cc. of water and set aside for thirty 
minutes, during which it deposited the diphenyl isoxazole. The yifld of product was 
1.15 g. or 98%, and approximately 0.1 g. of starting material was recovered. . 

Ethylation.-A suspension of 3.45 g. of diphenyl isoxazole in 5.0 g. of ethyl sulfate 
was heated in an oil-bath to 110' for four hours. The resulting light brown solution 
was heated on a steam-bath with 3 cc. of concentrated hydrochloric acid and 3 cc. of 
water until the mixtuie became homogeneous. The solution was then diluted with 
3 cc of water, cooled and extracted with ether. The aqueous layer was heated 
to expel all of the ether, cooled and treated very gradually with excess of saturated 
ferric chloride solution. 

The ferric chloride double salt is uncommonly low-melting, and when it is pre- 
cipitated rapidly or in the presence of ether it tends to separate as an oil exceedingly 
difficult to solidify. When no crystals are available for inoculation the ferric chloride 
should be added a few drops a t  a time until vigorous scratching of the walls of the vessel 
starts crystallization. The salt was recrystallized from glacial acetic acid and petroleum 
ether. It is readily soluble in glacial acetic acid and in methyl alcohol, sparingly 
soluble in water, almost insoluble in ether and petroleum ether. It crystallizes in pale 
yellow plates and melts a t  75-76'. The yield was 97%. 

Anal. Calcd for C~H~~ONCLF~: '  C, 45.5; H, 3.6. Found: C, 45.2; H. 3.9. 
Action of Bases on the Salt: The Dimolecular Anhydride (IX).-The usual method 

of obtaining pseudo bases by shaking the salts with sodium hydroxide in the presence 
of ether was inapplicable in this case because extraction is too slow and the product is 
rapidly decomposed by the hydroxide. When benzene was substituted for the ether 
the result was more satisfactory. Thus one gram of the salt was shaken with 10 cc. 
of benzene and one gram of sodium hydroxide in 20 g. of ice and water until all of the salt 
was decomposed. The benzene layer was then decanted, dried and evaporated. It 
left a solid which was recrystallized from benzene and ether. I t  separated in colorless 
prisms melting at 148'. 

Anal. Calcd. for Ca4H3,O8N: C, 79.0; H, 6.2; mol. wt., 516. Found: C, 
79.0; H. 6.2; mol. wt., 488. 

0zonization.-A solution of 0.7 g. of the substance in 10 cc. of carbon tetrachloride 
was ozonized for forty-five minutes. The solvent was pumped off and the residual oil 
shaken with ice water in the usual manner, but the water solution was treated directly 

Kohler, THIS JOURNAL, 46, 1742 (1924). 
Kohler and Davis, ib id . ,  52, 4527 (1930). 
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with phenylhydrazine hydrochloride. A yellow precipitate formed which was identified 
as tlie phenylhydrazone of phenyl glyoxylic acid by comparison with an authentic sample. 

Cleavage of Bases.-A solution of a small quantity of the dimolecular compound 
in methyl alcohol containing a trace of sodium hydroxide was boiled down, cooled and 
diluted with water. I t  deposited the unsaturated amino ester VI. The filtrates from 
the ester later also deposited a small quantity of desoxybenzoin. This unsaturated 
amino ester was obtained also when the ferric chloride double salt was shaken with 
ice and methyl alcoholic sodium hydroxide. In this case the yield of ester was 82%. 

Summary 
1. In the pseudo bases which are formed from isoxazolinium salts that 

are completely substituted and have an acidic group in the 6position, the 
RC-C(0H)COR 

hydroxyl group occupies the 5-position: ii >. 
K-C-NR 

Owing to the ease with which they are cleaved, their behavior is quite dif- 
ferent from that of the pseudo bases derived from other tri-substituted 
isoxazoles. 

2. The pseudo bases derived from P,y-diphenyl isoxazole likewise have 
an hydroxyl group in the 5-position. They undergo a characteristic rear- 
rangement into open-chained compounds. 

CONVERSE MEMORIAL LABORATORY 

CAMBRIDGE, MASSACHUSETTS 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF IOWA STATE COLLEGE] 

THE INFLUENCE OF ACID CHLORIDES AND OF PYRROLE ON 
THE COLOR TEST FOR REACTIVE ORGANOMETALLIC 

COMPOUNDS. THE CONSTITUTION OF 
PYRRYLMAGNESIUM HALIDES 

Introduction 
In continuation of studies1 on the reaction between acid halides and the 

Grignard reagent, it was noted that some acid chlorides appeared to  inter- 
fere with the sensitive color test2 for reactive organometallic compounds. 
This prompted an investigation of the effect of several typical acid halides 
on the color test. It has been found that such interference is not general. 

Fortunately, the occasional interference of acid halides need not be of 
serious consequence for several reasons. First, the reaction between RMgX 

GiIman, Fothergill and Parker, Rec. Irav. china., 48, 748 (1929) ; Gilman and 
Fothergill, THIS JOURNAL, 51, 3501 (1929). 

(a) Gilman and Schulze, ibid.,  47, 2002 (1925); (b) Gilman and Schulze, Bull. 
soc. chim., [ 4 ]  41, 1479 (1927); (c) Gilman and Heck, Rec. trav. chim,, 48, 193 (1929); 
(d) Gilman and Heck, Ber., 62, 1379 (1929); (e) Gilman. Sweeney and Heck, THIS 
JOURNAL, 52, 1604 (1930); and (f) Gilman and Heck, Rec. tras. chim., 49, 218 (1930). 
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compounds and acid halides is rapid.3 Second, i t  is possible to use equiva- 
lent quantities of acid halide and Grignard reagent, the former being weighed 
out and the latter titrated before use. Third, in reactions involving alkyl- 
magnesium halides having an alkyl group of low weight, i t  is possible to de- 
tect a slight excess of such an RMgX compound by observing the evolution of 
gas when a small sample of the reaction mixture is removed and hydrolyzed. 

However, in a very special and rarely met with case there is another 
source of interference with some acid halides. Such interference might 
arise when a part or all of the commonly used diethyl ether is replaced by an 
amine like d~methylaniline.~ Amines of this type may give, in some cases, 
products with acid halides whose color might interfere with the colors 
developed in testing for reactive organometallic  compound^.^ These are 
considered in the "Experimental Part." 

We have had occasion to test the reliability of the color reaction with an 
unusually comprehensive and varied series of compounds. In addition 
t o  the occasional interference of acid halides, we directed attention re- 
cently2' to the infrequent interference of a few amino compounds by the 
production of colors which obscure those otherwise normally developed. 
The peculiar effects of pyrrole are of considerable interest in connection 
with the constitution of pyrrylmagnesium halides. It is known that 
when an RMgX compound reacts with a compound containing active 
hydrogen, the hydrogen is replaced by the -MgX group. Accordingly, 
the structure of a pyrrylmagnesium halide should be that represented by 
Formula (A). However, pyrrylmagnesium halides give reaction products 
which generally have the new grouping attached to carbon and not to 
nitrogen, and most frequently attached to an a-carbon atom. Conse- 
quently, a question has been raised"0ncerning the possibility of such 
types having Formula (B), either prior to or during its reaction with other 
compounds like carbon dioxide. 

3 See Gilman, Heck and St. John, Rec. trav. chim., 49, 212 (1930), for the relative 
rates of some reactions involving organomagnesium halides. Obviously, the rate of 
reaction might be affected considerably in some cases by steric influences of groups 
about the acid halide grouping. 

4 See Gilman and McCracken, ibid., 46, 463 (1927), for the effect of some solvents 
on the yields of Grignard reagents. 

6 Michler, Ber., 9, 716 (1876) ; Michler and Dupertuis, ibid., 9, 1899 (1876) ; 
Michler and Gradmann, ibid., 9, 1912 (1876); Michler and Moro, ibid., 12, 1168 (1879); 
Michler and Meyer, ibid., 12, 1791 (1879); Staudinger and Stockmann, ibid., 42, 3485 
(1909). Some references to colored products from Michler's ketone and acid halides 
are: Baither, ibid., 20,1731 (1887), and Staudinger, iMd., 42,3966 (1909). 

See PfeifEer, Goebel and Angern, Ann., 440, 265 (1924), for a reference to colored 
complexes formed from amino-ketones and some amines. 

The following are some selected, recent and pertinent citations: (a) McCay and 
Schmidt, Tms JOURNAL, 48, 1933 (1926); (b) Nenitzescu, Bul. sac. chim. Romania, 
11, 130 (1930) ; (Chern. Abstracts, 24,2458 (1930)). 
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I 
MgX 

I 
H 

(A) (B) 

It has been suggested6b that the pyrrylinagnesium iodides might be 
represented in accordance with Formula (B) because they, unlike the re- 
lated indylmagnesium halides, give a color test. This is an ingenious 
application of the color test. However, it may be open to the criticism 
that a compound of Formula (A) might give the color test, not because of 
the -NMgX grouping (which is known not to give a color test) but because 
the amine itself (which is liberated from -NMgX compounds by hydrolysis 
incidental to the completion of the color test) might be the cause of the 
color. Actually, pyrrole (in the absence of Grignard reagent) does give 
a blue coloration with iodine and glacial acetic acid, the reagents used t o  
develop the color in testing for reactive organometallic compounds. 
However, because a more marked color is obtained from a mixture of an 
RMgX compound and an excess of pyrrole, i t  appears that the -MgX 
group is attached to carbon and not to nitrogen. This must not, however, 
be construed to mean that Formula (B) is necessarily the correct one 
prior to its reactions with a miscellany of compounds. It is entirely possible 
that no chemical reaction can differentiate between (A) and (B), because 
the product of reaction gives us no clue as to the original position of the 
-MgX group. We need only recall a simple illustration: namely, sodium 
acetoacetic ester which has the sodium attached to oxygen, and yet which 
(in a reaction with an RX compound) gives a product with the R group 
attached to carbon and not to  oxygen.' 

Another suggestion for deciding between Formulas (A) and (B) in- 
volves the chemiluminescence induced by the oxidation of organomag- 
nesium halides. McCay and SchmidtBa observed no luminescence when a 
small stream of oxygen was played on pyrrylmagnesium iodide. This 
observation has been confirmed by us in connection with a miscellany 
of studies on the chemiluminescence of Grignard reagents.* We have 

7 This is open to two usual reservations. First, the sodium used need not be at-  
tached to oxygen, electronically speaking-in the same way that some would consider no 
formal valence bond between sodium and chlorine in sodium chloride. Second, some 
RX compounds react with sodium acetoacetic ester to give an R-0 and not an R-C 
combination. 

8 Gilman, McGlumphy and Fothergill, Rec. trav. chim., 49, 526 (1930). Also 
Gilman, Fothergill and McGlumphy, dbid., 49, 726 (1930). Other references are to be 
found in these papers. The p-chlorophenylmagnesium bromide was selected because 
it gives an intense luminescence with oxygen. An answer to the question of the po- 
sition of the -MgX group in pyrroles and related compounds may be found in absorption 
spectra studies. 
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shown that when a known excess of dry and freshly distilled pyrrole is 
treated with methylmagnesium iodide, phenylmagnesium iodide and 
p-chlorophenylmagnesium bromide, respectively, and oxygen is then 
passed into the mixture there is no chemiluminescence. These observa- 
tions, however, are not to be taken as incontrovertible evidence for the 
-NMgX linkage, because there is still a possibility that a pyrrole -CMgX 
linkage may not luminesce 

Perhaps the best present way of deciding the position of the -MgX 
group is by means of the Zerewitinoff reaction. If the -MgX is attached 
to carbon in accordance with Formula (B), then pyrrole should show at  
least two active hydrogen atoms inasmuch as another active hydrogen 
(-NH) is present when the -MgX group in Formula (B) is attached to 
carbon. If Formula (A) is correct, then but one equivalent of methane 
should be liberated when pyrrole is treated with an excess of methyl- 
magnesium iodide. Using di-n-butyl ether as a solvent, the number of 
active hydrogens determined a t  29' with freshly distilled pyrrole was 
1.049 and 1.045. At a more elevated temperature (heating in a boiling 
water-bath for one hour) the number was 1.125 and 1.216. These values 
confirm other related s t ~ d i e s . ~  From them one may conclude with definite- 
ness that the -MgX group is attached to nitrogen in accordance with 
Formula (A), and that in a reaction of the pyrrylmagnesium halide the 
substituent finds itself generally on the a-carbon atom. This applies to 
pyrrylmagnesium iodide in di-n-butyl ether under the temperature condi- 
tions stated above. 

Experimental Part 
T o  those who may be unfamiliar with the carrying out of the color test, i t  might 1,r 

stated that  i t  is done very simply by adding a very small volume20 of the organometallic 
mixture t o  be tested to  Michler's ketone in benzene, hydrolyzing with water, and then 
developing the color with a glacial acetic acid solution of iodine. In  the  results t o  be 
described, no organometallic compound was used. Unless otherwise stated, a benzene 
solution of Michler's ketone was used. 

Acetyl Chloride.-Michler's ketone in benzene and acetyl chloride gavc a pale blue 
color which disappeared in one-half minute. The ketone in dimethylaniline with acetyl 
chloride gave a dark blue color which did not disappear on standing; however, the addi- 
tion of water destroyed the color. No color was observed when dimethylaniline and 
acetyl chloride stood for fifteen minutes. 

Benzoyl Chloride.-With benzoyl chloride and the ketone a blue color only 
developed after five minutes. The same mixture with water gives a blue color which 
reaches maximum intensity in five minutes, and the addition of iodine in glacial acetic 
acid gives a deeper color, which changes rapidly to  brown on the further addition of 
iodine-glacial acetic acid solution and so would not be confused with the colors given 
by  reactive organornetallic compounds. 

9 Oddo, Ber., 44, 2048 (1911); Ciusa, Gozz. chim. ital., 50, 11, 53 (1920); (Chem. 
Abstracts, 15, 837 (1921)); Fischer and Postowsky, %. Physiol. Chem., 152, 300 (1926). 
See also, Chelintzev and co-workers, J. Russ. Phys.-Chem. Soc., 47, 1224 (1915); 48, 
127 (1916). 
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Essentially the samc color effects were noted when Michler's ketone was replaced 
by its ethyl homolog, p.6'-tetraethyldiaminobenzophenone. Both ketones in dimethyl- 
aniline give colors which are destroyed by the iodine solution. 

No color was observed after ten minutes, with a mixture of dimethylarliline, benzoyl 
chloride and water. 

Benzoyl Bromide.-Benzoyl bromide appears to have a more pronounced inter- 
fering effect than benzoyl chloride. 

Furoyl Chloride, CIHIIOCOC~.-A mixture of the ketone, furoyl chloride and water 
gave, after ten minutes, a pale green color to the upper layer. This would not be 
confused with a positive test for an organometallic compound because of the long time 
required for the development of color subsequent to hydrolysis. 

Phosgene, COC11.-The phosgene solution was that used earlier in a related study.2' 
The colors noted with phosgene may be definitely stated to interfere. 

Oxalyl Chloride, (COC1)z.-There is an unmistakable color interference with 
oxalyl chloride. It is interesting to note that as small a quantity as 0.05 cc. of a 1% 
solution of osalyl chloride in benzene gives a pale but distinct blue color with 1 cc. of a 
0.01 M solution of Michler's ketone. 

Benzene Sulfochloride, CdIsSOzCl --The colors obtained with benzene sulfo- 
chloride and Michler's ketone (and p,pl-tetraethyldiaminobenzophenone, respectively) 
should not interfere because they are not the greens and blues obtained with RMgX 
compounds. Furthermore, even these colors disappear when sufficient iodine-glacial 
acetic acid solution is added ultimately. 

Thionyl Chloride, SOCl2.-A very poor but positive color test is obtained with 1 cc. 
of a saturated Michler's ketone solution and 0.1 cc. of a lyo thionyl chloride solution in 
benzene. The color is more pronounced with a larger quantity of thionyl chloride. 

Sulfur Chloride, SICIS.-Neither Michler's ketone nar its ethyl homolog in benzene 
or dimethylaniline gives a positive or conflicting test with sulfur chloride. 

Chloromethyl Sulfate, C1CH20S020CH~.--A reddish-purple color is obtained with 
chloromethyl sulfate. 

Phosphorus Pentachloride.-The blue-green color obtained with phosphorus 
pentachloride deiinitely interferes in the sense that it would be mistaken for a positive 
color test with reactive organometallic compounds. This interference was noted with 
both Michler's ketone and its ethyl homolog. 

Pyrro1e.-The following facts clarify the observations reported previously.2' 
First, pyrrole and Michler's ketone in benzene give no characteristic color; second, 
pyrrole and iodine in glacial acetic acid give a blue coloration which might be mistaken 
for a positive test; third, pyrrole and glacial acetic acid give no characteristic color; 
and, fourth, an organomagnesium halide (ethylmagnesium chloride or phenylmagnesium 
bromide) and a definitely known excess of pyrrole with Michler's ketone and glacial 
acetic acid (without iodine) give what can be regarded as an excellent test. 

Miscellaneous.-The following compounds gave no interfering colors: coned. 
hydrochloric acid, phosphorus trichloride, antimony tri-iodide, anhydrous aluminum 
chloride, sulfuryl chloride, vanadium oxytrichloride,"J picryl chloride, di-chloromethyl 
sulfate [(C1CH2)2SO~], cinnamoyl chloride [CaH~CH=CHCOCI], tetranitromethane 
and p-toluene sulfochloride. 

Summary 
A study has been made of the possible interference of some acid halides 

on the sensitive color test for organometallic compounds. In  connection 
with interfering colors, evidence has been presented for the attachment of 

'0 Kindly provided by Dr. F. E. Brown and F. A. Griffitts. 



4954 WILLIAM CLOUSER BOYD WITH ALLAN WINTER ROWE V01. 52 

the -MgX group to nitrogen in pyrrylmagnesium halides. The ultimate 
disposition of substituents on the a-carbon is accordingly no proof for a 
-CMgX linkage. 

AMES, IOWA 

[CONTRIBUTION FROM THE EVANS MEMORIAL AND BOSTON UNIVERSITY SCHOOL OF 

MEDICINE] 

A NEW SERIES OF HALOGENATED SULFONEPHTHALEINS 

Introduction 
Sulfonephthaleins with halogen substituted in the phenolic residues 

have been prepared by several investigators since the initial discovery 
of the parent body by R e m s ~ n . ~  Since certain of the phthaleins and sul- 
fonephthaleins have interesting application as dyes, as indicators, and in 
certain clinical procedures, a study was begun in 1927 of the preparation 
of a series of sulfonephthaleins having halogen substituted in the o-sul- 
fobenzoic anhydride residue. The selective elimination by the kidney 
of phenolsulfonephthalein offered a potential lead to direct pyelography 
if this property were retained in compounds rendered opaque to x-rays 
by substituted halogen. 

In  1929 there appeared a paper by Harden and Drake2 describing some 
work on such a series, including four of the compounds described here. 
They gave but meager details of the preparation, however, and it was 
felt that the compounds and methods described below might still prove 
of interest. 

Preparation and Properties of the Parent Substances (Tetra-iodo- 
o-sulfobenzoic Anhydride and Tetrabromo-o-sulfobenzoic Anhydride.- 
As has evidently been the experience of other workers, i t  was found that 
halogen could be not introduced directly into the o-sulfobenzoic anhydride 
residue of a sulfonephthalein. Attempts to do so resulted in the de- 
struction of the molecule. Consequently the halogen was substituted 
in the o-sulfobenzoic anhydride molecule before condensation, using a 
slight modification of the Juvalta method, as described by Pratt and 
S h ~ p p . ~  Iodine and bromine derivatives were thus prepared with com- 
parative ease. No attempt was made to prepare the fluorine or chlorine 
derivatives, though the latter could doubtless have been made, as Harden 
and Drake2 report the preparation of some of them. 

Remsen, Am. Chem. J., 6, 180 (1884); Lubs and Acree, THIS JOURNAL, 38, 
2773 (1916); White and Acree, ibid., 41, 1190 (1919); Orndorff and Sherwood, ibid., 45, 
486 (1923) ; Orndorff and Shapiro, ibid., 46,2856 (1924). 

"arden and Drake, ibid., 51,562 (1929). 
Pratt and Shupp, ibid., 40,254 (1918). 
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Tetra-iodo-o-sulfobenzoic Anhydride.-108 g. of o-sulfobenzoic anhydride (East- 
man, practical grade) and 300 g. of powdered iodine (4 moles of iodine per 1 mole of 
anhydride) were mixed in a long-necked flask (an 800-cc. Kjeldahl flask serves very well), 
and 500 cc. of fuming sulfuric acid containing 50% free SO8 was added, with stirring. Acid 
of this strength is ordinarily partly or completely solid. and may require melting. The 
flask, into the neck of which, to prevent the escape of too much iodine or sulfuric acid, a 
test-tube was loosely fitted by means of a winding of asbestos cord, was slowly heated 
in an oil-bath, and the temperature kept between 110 and 120" until the evolution of 
sulfur dioxide had practically ceased (five to ten hours). The temperature was then 
raised to 175-180' and held for about thirty minutes. The whole apparatus was then 
allowed to cool, and when cool the practically solid contents poured into about 1.5 
liters of water, and washcd with successive portions of water containing sulfurous acid 
to remove the excess iodine. I t  was allowed to stand overnight with the final portion 
of wash water, the solid filtered off, washed with a little water, and dried in air; yield, 
333 g. or 88%, calculated on the basis of the amount of o-sulfobenzoic anhydride used. 
The product so obtained is pure enough for making sulfonephthaleins. 

Tetra-iodo-o-sulfobenzoic anhydride is somewhat soluble in water, acetic acid, 
tetrachloro-ethane, chloroform and benzene. I t  is quite soluble in acetone and in al- 
cohol, but cannot be recrystallized from either. When dissolved in acetone i t  forms a 
dark brown mass, owing, apparently, to the formation of an addition product, since 
tetra-iodo-o-sulfobenzoic anhydride cannot be recovered from the mass except by the 
action of some drastic reagent, such as warm nitric acid. In alcohol i t  supersaturates, 
forming, when concentrated, a yellow varnish-like mass, which is quite unmanageable. 
\%%en recrystallized from chloroform it has a melting point of 132" (uncorr.), as against 
the melting point of the crude product of about 260°, indicating the probable formation 
of some sort of addition product. 

I t  can, however, be recrystallized from a mixture of alcohol and acetic acid (60 
g. will require about 350 cc. of a mixture consisting of 100 cc. of 95% ethyl alcohol and 
250 cc. of glacial acetic acid). 

The purified product so obtained does not melt, but decomposes a t  from 305 to  
310°. It is somewhat lighter in color than tetra-iodophthalic anhydride, resembling 
iodoform, except for a slight greenish tinge. The crystals, when examined under the 
microscope, are seen to be small, imperfect platelets, more opaque than the coffin- 
shaped crystals of tetra-iodophthalic anhydride. 

The compound was analyzed for iodine by the method of Baubigny and Cl~avanne,~ 
other methods, including that of Carius, proving unsatisfactory. 

Anal. Calcd.forC~OJ~S: 1,743; S,4.6. Found: 1,73.8,74.1; S,4.8. 
The toxic dose for a rabbit appeared to lie in the vicinity of 0.2 g. per kilogram of 

body weight when injected intravenously. The substance is not bacteriocidal for 
B. coli except in very high concentrations. One of us (B) took 0.5 g. by mouth without 
ill effect; subsequently, it could not be demonstrated in the urine. 

Tetra-bromo-o-sulfobenzoic Anhydride.-Twenty-five grams of o-sulfobenzoic an- 
hydride, 1 g. of iodine, and 125 cc. of fuming sulfuric acid containing 50y0 free SOs were 
mixed together in a long-necked flask of about 300 cc. capacity. About 39 cc. (124 g.) of 
bromine was measured out into a flask and added as described below. 

About two-thirds of the bromine was added, and the mixture heated to  80 in an 
oil-bath until the bromine was a11 absorbed. The apparatus was then allowed to cool to 
room temperature, when two-thirds of the remaining bromine was added, and the mix- 
ture heated to 100" until the bromine was absorbed, as before. The apparatus was again 

4 Lassar-Cohn, "Organic Laboratory Methods," Oesper-Adams-Clarke, Williams 
and Wilkins, Baltimore, 1928, p. 443. 
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allowed to cool, two-thirds of the remaining bromine added, the mixture heated to 130' 
until absorption of the bromine took place, and again allowed to cool. The next time all 
of the remaining bromine was added, and the mixture heated to 170 O for thirty minutes, 
and finally allowed to cool. The treatment from this point on is the same as for the 
iodine derivative; yield, 56 g., or 81%. 

The crystals, after washing and drying the crude preparation, have a faint brownish 
color which deepens on exposure to light, but the pure compound (recrystallized three 
times from glacial acetic acid) is pure white. The crystals are easily seen under the 
low power of the microscope to be small, imperfect, hexagonal prisms. After the re- 
crystallized product had been dried in a desiccator over sodium hydroxide to remove 
traces of acetic acid, the melting point was found to be 219" (uncorr.). 

The neutral equivalent was found to be 258, which corresponds to the calculated 
molecular weight of 516. The compound was analyzed for bromine by the method of 
Carius. 

Anal. Calcd. for C,Od*S: Br, 61.9. Found: Br, 61.8, 61.8. 
The substance is soluble in alcohol, acetone, glacial acetic acid and to some extent 

in water. 

Preparation and Properties of the Halogenated Sulfonephtha1eins.- 
For the condensation of the parent substances with phenols, the best 
condensing agent, both with respect to quantity and to quality of prod- 
uct, was found to be fuming stannic chloride. These anhydrides are 
much more difficult to condense than the corresponding phthalic anhy- 
dride derivatives, and the actual yields were all small. 

The decision as to the best condensing agent and also as to optimum 
temperature was made by treating equal volumes of a standard mixture 
of melted phenol and anhydride with different reagents a t  different tem- 
peratures, dissolving the product in a slight excess of alkali, diluting to  a 
definite volume, and comparing the resultant colors in the colorimeter. 

The preparation of phenol-tetra-iodo-sulfonephthalein may be taken 
as typical. 

Properties of the New Series.-Practically all of these sulfonephtha- 
leins decompose gradually a t  very high temperatures, but have no real 
melting points, so as a rule melting points are not given. 

PH ranges were determined either by adding a given amount of an 
alcoholic solution of the substance in question to buffered solutions pre- 
pared according to the directions of Polin,= or by adding a given amount 
of 0.04% aqueous solution of the sodium salt of the phthalein. Results 
obtained by these two methods were identical for the purpose in question. 

The buffer mixtures were prepared according to the directions of Clark6 

except that in the PH range 4.6-5.6 the acetic acid mixtures described 
by Folinb were used. 

Into these tetra-iodo and tetra-bromosulfonephthaleins more halogen 
Folin, "Laboratory Manual of Biological Chemistry," 4th ed., Appleton and Co., 

Ncw York, 1925, pp. 49-53. 
Clark, "The Determination of Hydrogen Ions," 3d ed., Williams and Wilkins Co., 

Baltimore, 1928, pp. 192-220. 
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can be introduced. Bromine can be introduced by boiling the phthalein 
in acetic acid solution with a slight excess of bromine, pouring into water, 
extracting with alkali and purifying, as before. Iodine can be intro- 
duced, in alkaline solution, by adding a solution of iodine in potassium 
iodide solution. 

Phenol-tetra-iodo-suIfonephtha1ein.-Eighty grams (0.12 mole) of tetra-iodo-o- 
sulfobenzoic anhydride was dissolved in 320 g. (3.4 moles) of freshly distilled, melted 
phenol, 80 g. of fuming stannic chloride added, and the mixture heated in an oil-bath 
for about eight hours. The flask was kept closed by a ground-glass stopper carrying 
a sealed-in glass tube. Moisture was excluded by a calcium chloride tube. 

At the end of about eight hours the mixture was poured into about 6 liters of hot 
water, and washed repeatedly by decantation and boiling with fresh water. This washed 
raw product was then extracted with 2y0 sodium hydroxide solution until only an in- 
soluble residue remained, the extract filtered, and the pbthalein precipitated by the 
addition of hydrochloric acid. This precipitate was then washed with hot water, as 
before, and this alternation of solution in alkali, precipitation and washing repeated until 
the product remained solid in hot water, and was completely soluble in alkali. I t  was 
then recrystallized from glacial acetic acid. Harden and Drake report recrystalliza- 
tion from benzene, but this in the experience of the present writers was unsuccessful. 

Phenol-tetra-iodo-sulfonephthalein, when pure, consists of small imperfect crys- 
tals of a reddish-black color. I t  decomposes at  about 210". The crystals contain 
8 to 10 Ojo moisture, which can be driven off by prolonged heating a t  180 O .  

I t  is readily soluble in methyl alcohol, ethyl alcohol, ethyl acetate, acetone and 
acetic acid. I t  is somewhat soluble in benzene, carbon tetrachloride, tetrachloro- 
ethane, chloroform and ether. It is only very slightly soluble in water. It dissolves in 
alkali with an intense purplish color. By dissolving the compound in the calculated 
amount of alkali and evaporating the solution to dryness, the disodium salt can be 
obtained, as a dark reddish-black mass, with a bluish tinge. The phthalein dissolves, 
apparently without permanent change, in concentrated sulfuric acid, with the forma- 
tion of an intense purplish color. The compound has a useful PH range of 7.0 to 8.2.7 
Its color changes in this interval from a brownish-yellow to a wine-purple. 

Phenol-tetra-iodo-sulfonephthalein will dye silk a color which varies from brownish- 
yellow to reddish-walnut, depending upon the method of application. " Dyeing from a 
5% aqueous acetic acid solution is perhaps the simplest laboratory method. 

Injected intravenously, as the disodium salt, it  is, in part, eliminated through the 
kidney. I t  is not toxic to rabbits in doses of 0.2 g. per kilogram of body weight. 

Anal. Calcd. for ClsHloOs14S: I, 59.3. Found: I ,  59.0, 58.8, 59.1. 
Tetra-iodo-phenol-tetra-iodo-sulfonephthalein.-his compound consists of small, 

irregular crystals of a reddish-brown color. It is soluble in alcohol, methyl alcohol, 
ethyl acetate, acetone and acetic acid, but in all to a less extent than is phenol-tetra- 
iodo-sulfonephthalein. I t  dissolves in alkali with a green color, and will dye silk a 
greenish-brown color. I t  is but slightly soluble in water (the disodium salt) and this 
renders i t  unsuited for the ultimate purpose of the study. 

The PH range is from 6.2 to 7.0 but as the color simply ranges from one shade of 
green to another, it is hardly ~ossible that the compound could be of value as an indica- 
tor. 

Anal. Calcd. for CIS+H~O~I~S: I, 74.6. Found: I, 74.4, 74.2. 
Tetra-nitro-phenol-tetra-iodo-sulfonephthale.-This compound crystallizes in 

7 Harden and Drake (Ref. 2)  report for the crude product PH 6.4-8.0. 
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small brown crystals, melting with decomposition a t  190'. It dyes silk a peculiar green- 
ish-black. I t  dissolves in alkali with a purple color. I ts  PH range is probably between 
6 and 7, but it is quite unsuited for use as an indicator. It can be analyzed for nitrogen 
by the Kjddahl method by first adding zinc dust to the digestion mixture, so as to bring 
the nitrogen into the reduced form. 

Anal. Calcd. for ClsHS01314N&3: N, 5.39. Found: N, 5.20, 5.23. 
Diacetyl-phenol-tetra-iodo-sulfonephthalein.-This substance is light brown in 

color and melts a t  136' (uncorr.). I t  is soluble in the usual organic solvents but prac- 
tically insoluble in water. 

Anal. Calcd. for C2aHl4O7I4S: I, 54.0. Found: I, 53.8. 

Tetra-bromo-phenol-tetra-iodo-sulfonephthale (QgH~01Br~4S).-This sub- 
stance is brown in color, gives a green color in alkali and dyes silk a greenish-brown color, 
similar to that given by tetra-iodo-phenol-tetra-iodo-sulfonephthalein, but greener. 
The disodium salt is practically insoluble in water. 

o-Cresol-tetra-iodo-sulfonephtha1ein.-The properties of this compound are not 
essentially different from those of phenol-tetra-iodo-sulfonephthalein. I t  gives a 
similar purple color in alkali, and dyes silk a shade darker. I ts  PH range was found to 
be 8.8-9.6.8 The water solubility is low. 

Anal. Calcd. for C~IHI~OF,I~S: I, 57 4. Pound: I, 57.0, 57.2. 

Resorcin-tetra-iodo-sulfonephthalein (Tetra-iodo-sulfonefluorescein).-This com- 
pound is very discult to obtain in crystalline form. After washing, on spreading the 
crystals out to dry, they liquefy to a viscous mass and eventually harden again to a black 
mass. The solid material is black. I t  is soluble in the usual solvents. Its solution in 
alkali is red with a splendid greenish fluorescence. Its PH range is about 8 to 10, but it 
would be quite valueless as an indicator. I t  dyes silk a golden-reddish-brown. 

Anal. Calcd. for CI~H~OBI~S:  I, 58.4. Found: I ,  58.4. 
Salicylic-acid-tetra-iodo-sulfonephthalein-This compound consists of small, im- 

perfect c-rystals of a rose-beige color. I t  is soluble in ethyl alcohol, methyl alcohol, 
acetone and ethyl acetate. I t  is not as soluble in acetic acid, chloroform and ether as 
the compounds previously described. I t  dyes silk a golden-brown. 

Its useful PH range is 7.2-8.0, the co!or changing from yellow-brown to pink. I t  
might prove moderately satisfactory as an indicator. 

Anal. Cal~d. for C ~ ~ H ~ O O ~ I ~ S :  I, 53.7. Found: I, 53.6. 

Phenol-tetra-bromo-sulfonephtha1ein.-This substance gives very small reddish- 
black crystals of high but indefinite melting point; its properties are very similar to 
those of phenol-tetra-iodo-sulfonephthalein. It gives a purple color in alkali, and a 
golden-yellow on silk. Its PH range was found to be shorter than that of phenol-tetra- 
iodo-sulfonephthalein, its color changing between PH 7.2 and 8.0Qfrom a light brown to a 
purple, so abruptly that its turning point might almost be fixed a t  PH 7.4. I t  might 
possibly be of some value as an indicator. 

Anal. Calcd. for ClBHl0O5Br4S: Br, 47.7. Found: Br, 47.5. 
Tetra-bromo-phenol-tetra-bromo-sulfonephthalein.-This substance dissolves in 

alkali with a bluish-green color, and dyes silk a similar shade, but is not otherwise very 
different from phenol-tetra-bromo-sulfonephthalein. It is less soluble in the usual 
solvents. 

Its PH range was found to be 5.6-7.0,lO but the colors are a series of shades of bluish- 

8 Harden and Drake report PH 7.0-8.6. 
Harden and Drake give PH 6.6-8.2. 

lo Harden and Drake report PH 3.04.6. 
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green a t  all the hydrogen-ion concentrations within this range, so its usefulness as an 
indicator would probably be small. 

Anal. Calcd. for Cl~H~O~Br&:  Br, 64.8. Found: Br, 64.6. 
Resorcin-tetra-bromo-sulfonephtha1ein.-Ti substance is a black solid, with a 

greenish sheen. I t  is soluble in the usual solvents, dissolving in alkali to give a red 
solution with a magnificent greenish fluorescence. It dyes silk a light reddish-bruwn. 
The PH range was difficult to determine, but was about 8-10. The compound would 
hardly be useful as an indicator. 

Anal. Calcd. for ClgHsOaBr4S: Br, 46.7 Found: Br, 46 5 .  
o-Cresol-tetra-bromo-sulfonephthalein was also prepared but offered nothing dis- 

tinctive in its properties. 
Tetra-iodo-saccharin.-This compound is not really a member of the present series, 

but was made while working on the parent substances. I t  can be prepared by the 
Juvalta method as described for them. 

The substance consists of silky greenish-yellow crystals, somewhat soluble in 
acetone, and practically insoluble in everything else, including sodium hydroxide solu- 
tion. I t  has a faint bitter taste. 

The crystals did not melt or otherwise alter even a t  345". They contained carbon, 
sulfur, iodine and nitrogen, as demonstrated by the usual tests. Analysis for nitrogen 
was carried out by the Kjeldahl method, a rather long time being required for digestion. 

Anal. Calcd. for C,H03I&JS: N, 2.03. Found: N, 1.99. 
Attempts to condense this substance with phenolic substances were made, but un- 

like saccharin itself the substance would not condense. 

Summary 

Methods of preparing the parent substances of a new series of sulfone- 
phthaleins having halogen substituted in the o-sulfobenzoic anhydride 
residue are described, together with methods of preparing the phthaleins 
themselves. 

Certain properties of members of the new series, and of another sub- 
stance, tetra-iodo-saccharin, are given. 
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In  view of the revival of interest1 in the use of the so-called cupro- 
potassium carbonate solution2 in the determination of reducing sugars, 
there exists an evident need for more data and for a corroboration of some 
of those now extant. These ends have in part been approached in this 
Laboratory by the determination (1) of the dextrose equivalents of four 
modifications of this solution in which the concentration of copper sulfate is 
the only variant, and (2) of the levulose equivalent, as affected by change 
in method of reduction, of still other modifications3 containing materially 
less copper than any of the others and, finally, by a study of the action of 
dextrose upon one of the latter. The presentation of these data is the 
object of this communication. 

Reagents 
Six sugar-oxidizing solutions of the type in question were made of such 

concentrations of copper sulfate, potassium bicarbonate and potassium 
carbonate as directed by their sponsors. The observed i n ~ t a b i l i t ~ ' ~ ~ '  of 
four of these solutions-all statements in the literature to the contrary not- 
withstanding-made it necessary to prepare them in two parts each of such 
a concentration of copper sulfate and alkaline salts, respectively, as would 
produce, when used in the ratio of one volume of the first to four of the 
second, a reagent of the same composition as that used by its originator. 
Although a twenty-seven month period of observation on the stability of 
the fifth member3 of this group has to date brought out no visible sign of 
decomposition, yet because of a desire to maintain uniformity in procedure, 
this reagent also was made up in two parts without, however, disturbing the 
original proportions of its constituents. The compositions of the copper 
solutions which were used throughout this study are given in Table I. 

In the preparation of solutions "B" of the above reagents (Ost's and 
Nyns' modifications) the normal carbonate was slowly added to about 700 
cc. of water at, or near, its boiling point. Complete solution of this salt 
was then effected by the addition of the acid carbonate. The same tech- 

' Nyns, Sucrerze Belge, 44, 210 (1924); Bull. assoc. tcole sup. brasserie Louvain, 
25,  63 (1925); (a) Jackson, J. Assocn. Oficial Agr. Chem., 9 ,  178 (1926); (b) Jackson, 
ibid., 12,166 (1929); (c) Schuette and Terrill, ibid , 13,93 (1930); (d) Zerban and Sattler, 
Ind.  Eng. Chem., Anal. Ed. ,  2, 307 (1930). 

For a bibliography of this solution see J. Assocn. Oficial Agr. Chem , 13, 97-98 
(1930). 

a Beyersdorfer, 2. Veier. deut Zuckerind., 69, 403 (1919). 
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TABLE I 
COMPOSITION OF CUPRO-POTASSIUM CARBONA~E SUI~UIIONS 

Solution A Solution B 
CuS04.5H%O, g. KaC03 KE1CO.7 

Sponsor per liter g.  per liter 

0 s t 4  117.8 312 5 125 
Ost6 87 .5  312 5 125 
Reyersdorfer3 15.71 312.5 125 
Beyersdorfer3 3.14 312.5 12.5 
Nynsl 75.0 312.5 125 
Nynsl 126.5 312 5 125 

nique was followed in making the Beyersdorfer modifications except that 
the water was brought to a temperature of only 60' before the carbonates 
were added in the same manner and order. 

The dextrose used in this study was obtained from the Bureau of Stand- 
ards (standard sample 41), and the levulose from the Eastman Kodak 
Company. The latter was found to have the same copper equivalent as a 
sample obtained from the former source. 

Experimental Procedure 

Exactly 20 cc. of the reducing solution, containing varying amounts of 
sugar, was added to 50 cc. of the freshly mixkd cupro-potassium carbonate 
reagent combined in the proportion of 10 cc. of solution A and 40 cc. of 
solution B. The dextrose-copper equivalents were determined for the 
two solutions of Ost4s6 and the two of Nynsl by the procedure described 
el~ewhere.~',~ Reductions were carried out for two and one-half hours a t  a 
temperature of 48.9 * O.lO, in stoppered Erlenmeyer flasks immersed to  
within 3 cm. of the top. The precipitated cuprous oxide was determined 
gravimetrically. Duplicate determinations run side by side checked 
excellently. 

The levulose-copper equivalents of ~e~ersdorfe; '~ stronger solution3 

were determined by three methods of reduction in which time and tempera- 
ture were the variants, the approximate relationship between these factors 
being an inverse one. The conditions were met by following the modus 
operandi of Munson and Walker,6 Defren7 and Nyns,l respectively, for 
effecting the reduction of the copper solution. The phenomenon of delayed 
flocculation" of part of the cuprous oxide was not detectable in this series 
of reductions. 

Inasmuch as the graph of the observed reducing sugar-copper equiva- 
lents of the oxidizing solutions proved to be a straight line, there was 
derived for each a mathematical expression for the dual purpose of dis- 

Ost, Ber., 23, 1035 (1890). 
5 Ost, Chem.-Ztg., 19, 1784 (1895). 

Munson and Walker, THIS JOURNAL, 28, 663 (1906). 
7 Defren, ibid., 18, 749 (1896). 
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tributing the experimental errors over the whole range and of calculating 
the sugar equivalents for any weight of copper. It is in this form that the 
data obtained in this investigation are recorded (Tables I1 and 111). 

THE DEXTROSE EQUIVALENT OF THE CUPRO-POTASSIUM CARBONATE SOLUTION 

Range of 
concn. of Equation for Mean deviation 

Copper content, dextrose ( x )  calculating Cuobs. - Cuea1cd.j 
mg. per cc. in 20 cc., mg. Cu equiv. mg. 

19.1' 60-140 0 . 2 2 5 4 ~  - 4.3725 *0.21 
22. 36 60-140 .2276~ - 5.2175 * .1'4 
27. g4 60-140 .2220~ - 2.5700 + .47 
39.3l 20-140 ,2198~ - 0.6650 + .50 

x = mg. of dextrose; y = mg. of copper. 

THE LEVULOSE EQUIVALENT OF THE CUPRO-POTASSIUM CARBONATE SOLUTION (BEYERS- 
DORFER) 

Equation for 
calculating 

Time of levulose Mean deviation 
reduction, equiv. ( x )  Cuob, -Cu,i,d., 

Method min. from Cu mg. 

Over a free flame6 6 ' 2 4 8 5 ~ - 2 . 2 5 5  *0.20 
In a boiling water-bath' . 15 2 . 3 9 1 ~ -  1.034 * .43 
In a water-bath at 48.9 O1 120 2 . 5 4 9 ~- 1 . 4 6 4  + 51 

The assertion by Nyns,' now known to be erroneo~s,'"~ that the cupro- 
potassium carbonate solution under closely guarded conditions as to time, 
temperature and concentration is a selective reagent for levulose to  the 
exclusion of dextrose, suggested the desirability of observing what action, 
if any, the latter has upon Beyersdorfer's alternative modification3 of this 
oxidizing agent which contains but one-fifth as much copper. To that end 
a series of dextrose solutions (0.3 g. in 100 cc.) of 20 cc. each was added to  
50-cc. portions of the copper solution which had been mixed as above 
described and then brought to the reaction temperature (48.9'). The 
amount of copper reduced was determined a t  one-half hour intervals until 
a reaction time of two and one-half hours was reached. Data are pre- 
sented in the form of a graph (Fig. 1). 

Discussion 

The maximum quantity of dextrose which any of the four reagents rele- 
vant to  this study will oxidize is of the order of magnitude of 140 mg. On 
comparing the several dextrose-copper equivalents as calculated by means 
of the corresponding equation (Table 11) i t  will be noted that there exists 
an exception to the generalization that the oxidizing power of the cupro- 
potassium carbonate reagent rises with an increase in the concentration of 
the copper. The situation which obtains is that the Ost solution6 in 
which there are 22.3 mg. of copper per cc. will oxidize less dextrose than 
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that one of Nynsl in which the concentration is less, or 19.1 mg. Inasmuch 
as the equilibrium conditions within this reagent are apparently not much 
better understood now than a t  the time of its introduction by S~ lda in i ,~  no 
explanation of this phenomenon suggests itself except that it is perhaps its 
hydrogen-ion concentration which is the significant factor. 

The application of the Ost solutions to the determination of dextrose 
under the unified conditions of this study is new for data obtained by their 
sponsor were based on a larger volume of reactants (150 cc.) when boiled 
for a t  least ten minutes. In view of the data communicated herein it 
appears that, as between these two 
reagents for the determination of 
dextrose under the conditions pro- bb 
posed by Nyns,' preference should a 
be given the weaker solution6 be- 1 
cause of its greater sensitiveness and 2 
the fact that the mean deviation * 

3 4 between observed and calculated 2 
weights of reduced copper was mate- $ 
rially less for this modification. 

No claim had ever been advanced 
by its sponsor that the weakest 

0 0 5 1.0 1.5 2.0 2.5 
Time in hours 

copper which has been used Fig. l,-Action of dextrose upon Beyers- 
in this study is quite indifferent in d~t f , '~  cupro-potassium carbonate reagent. 
the presence of dextrose. Beyers- 
dorfer, it is true, carried out his reductions in a short time, compensating 
for brevity of reaction by recourse to higher temperatures. The rather 
high ratio of the relative reducing effects of dextrose and levulose upon 
Nyns' stronger solution-10 mg. of copper was found to  be equivalent to 
3.5 mg. of levulose" or 48.5 mg. of dextrose

g
-raised the hope that, by 

applying his conditions to a reagent of still lower copper content, it  might 
be demonstrated that it shows a selective reactivity for the latter sugar 
and therefore could be developed as a serviceable tool in the determination 
of this ketose in the presence of dextrose, a situation which obtains in the 
analysis of honey. This hope was not realized (Fig. 1). No reduction 
which is measurable by macro-chemical means had taken place a t  the end 
of the first half-hour of the reaction period, but after that it progressed 
arithmetically. 

I t  is not improbable, however, that with the establishment of the above- 
mentioned ratio with respect to this reagent it will be possible to calculate 

Soldaini, Pubb. Instit. studi Sup. Firenzi Sez. wed. chir., 1 ,  232 (1876); Gazz. 
chim. id., 6, 322 (1876). 

This ratio is in good agreement with that  reported by ~ a c k s o n ' ~  who found tha t  
13 mg. of dextrose precipitate the same weight of copper as 1 mg. of levulose. 
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the percentage of these two sugars in a mixture, although such a procedure 
bids fair to be a laborious task, one that will involve many approximations. 

Beyersdorfer's stronger reagent has not heretofore been put to a com- 
parative test as to its levulose oxidizing powers when time and temperature 
of reaction are made to vary. As a result of such a study it appears (Table 
111) that no very material differences exist in the levulose-copper equiva- 
lents as between a reaction period of six minutes at  the temperature ob- 
tainable by interposing an asbestos gauze between a beaker and a Bunsen 
b ~ r n e r , ~  by extending that period to fifteen minutes and reducing the 
temperature to that of a boiling water-bath,' or by allowing the reduction to 
proceed s1owly.l The levulose equivalents of 10 mg. of copper are, under 
the above conditions and in the order given, 4.9, 4.6 and 4.5, respectively. 

Choice of method of reduction will therefore be determined to some ex- 
tent by (1) the smallest mean deviation between observed and calculated 
values, (2) convenience of operation, (3) reproducibility of results and 
(4) probable popularity among analysts. The mode of reduction of 
Munson and Walkere fulfils these requirements. 

Summary 

In a re-investigation of the so-called cupro-potassium carbonate solution 
of Soldainia as modified in turn by Ost4s5 and by Nyns,' there have been 
obtained data on the dextrose equivalents of four forms of this reagent of a 
copper content lying between the limits of 19.1 and 39.3 mg. per cc. These 
data are presented in the form of mathematical expressions and are perti- 
nent to a temperature of 48.9' maintained for two and one-half hours. 
I t  was also found that this sugar, under the aforesaid conditions, has a 
reducing action upon that modification by Beyersdorfer3 which contains 
but 0.8 mg. of copper per cc. This observation casts some doubt upon the 
acceptance of this solution as a selective reagent for levulose when both are 
present in the same solution. 

Mathematical expressions also have been derived for calculating the 
levulose-copper equivalents of another reagent of this type (copper content 
4.03 mg. per cc.) when either one of three modes of reduction is used, the 
relevant variants being time and temperature so adjusted as to bear to each 
other a relationship which is approximately an inverse one. I t  has been 
pointed out that there exist no very material differences in the levulose 
equivalents of a given weight of cuprous oxide when the latter is precipi- 
tated by either one of these procedures. 

MADISON. WISCONSIN 



[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY OF THE UNIVERSITY OF 

MARYLAND] 

SOME GAMMA-NITRO-BETA-FURnBUTYROPHENONES1 

The addition of nitromethane and phenylnitromethane to a,&un- 
saturated ketones such as benzalacetophenone has been studied extensively 
by Kohler and his  pupil^.^ The work herein described is concerned with 
the preparation of certain Y-nitro-8-furylbutyrophenones, prepared by 
means of the addition of nitromethane and phenylnitromethane to furfural- 
acetophenone and furfural 9-bromo-acetophenone. 

Furfuralacetophenone has been prepared by Kostanecki and Podra- 
jansky3 and by Semmler and Ascher4 but in each investigation the substance 
was obtained as an oil which apparently was not obtained in crystalline 
form. After considerable difficulty our oily product, prepared by condensa- 
tion of furfural and acetophenone by means of 10% sodium hydroxide, 
was induced to crystallize. It formed long blunt yellow crystals which 
turned red on standing, and darkened rapidly in the sunlight. No d f i -  
culty was encountered in obtaining crystalline furfural-p-bromo-aceto- 
phenone. The latter substance also darkens on standing, but is much 
more stable than furfuralacetophenone. 

The addition of nitromethane to the above-mentioned unsaturated 
ketones was carried out in a manner similar to that used in the case of 
benzalacetophenone. The furfural derivatives, however, are much more 
soluble in the reaction mixture than are the benzal derivatives, and con- 
sequently must be precipitated a t  the completion of the reaction by the 
addition of water. The use of a large excess of nitromethane was found 
necessary to give the best yields. Both products are very soluble in methyl 
and ethyl alcohols, ether and acetone, but sparingly soluble in petroleum 
ether. 

The addition products of phenylnitromethane crystallize readily and 
were prepared with far less difficulty than the corresponding nitromethane 
addition products. 

Experimental 
Furfura1acetophenone.-A solution of 22 g. of stick sodium hydroxide in 196 cc. of 

water and 100 cc. of 95% ethyl alcohol were introduced into a beaker loosely covered 

From a thesis submitted to the Graduate School of the University of Maryland 
by H. W. Gilbert in partial fulfilment of the requirements for the degree of Master of 
Science. 

2 Kohler and co-workers, THIS JOURNAL, 38, 889 (1916); 41, 1644, 1697 (1919); 
44,624 (1922); 45,2144 (1923); 50,884 (1928). 

Kostanecki and Podrajansky, Ber., 29,2248 (1896). 
4 Semmler and Ascher, ibid., 42,2356 (1909). 
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with a disk of cardboard and provided with an efficient mechanical stirrer. Into the 
alkaline alcoholic solution was poured 52 g. of acetophenone, the stirrer was started and 
42 g. of freshly distilled furfural was added slowly. Considerable heat was evolved a t  
first and ice cooling was necessary to prevent the temperature from rising too high. 
After ten minutes the ice was replaced by water and the water-bath kept a t  20-30' for 
three hours to complete the condensation. The water was then replaced by an ice and 
salt mixture, and after the temperature of the reaction mixture had become constant, a 
seed of furfuralacetophenone was added. Stirring was continued during the separation 
of the yellow granular condensation product. One-half hour was sufficient for crys- 
tallization. The crude product was sucked as dry as possible on a cold Biichner funnel 
and then dissolved in chloroform. After having been dried over sodium sulfate the 
chloroform was distilled off and the residue distilled in vacuo. Eighty grams of product 
was obtained. Furfuralacetophenone melts a t  26O, and boils a t  17Q0 a t  7 mm. pressure. 
Under 764 mm. pressure, the substance distils with considerable decomposition a t  31g0. 

Furfural-p-bromo-acetophenone.-This substance was prepared as described above 
for furfuralacetophenone The crude material boiled a t  210-217' under 16-18 mm. 
pressure and melted a t  79-SO0. Recrystallization from hot ethyl alcohol yielded a 
product melting a t  80-81'. 

Anal. Calcd. for ClsH~OzBr: C, 56.3 ; H, 3.25. Found: C, 56.2, 56.2; H. 3.6,3.5. 
y-Nitro-p-furylbutyrophenone,-To 35 g. of furfuralacetophenone in 50 cc. of dry 

methanol in a covered beaker provided with an efficient mechanical stirrer and heated 
in a beaker of boiling water was added rapidly a suspension of sodium nitromethane 
prepared by the addition of 40 g. of nitromethane to a well-cooled solution of 11 g. of 
sodium in 175 cc. of dry methanol. The container from which the suspension was added 
was rinsed with 100 cc. of dry methanol and the rinsings added to the reaction mixture. 
The latter was kept hot and stirred to insure the rapid course of the addition, which 
was marked by the disappearance of the solid. When all of the sodium nitromethane 
had disappeared, the mixture was cooled immediately in an ice and salt bath and acidified 
very slowly (over about forty-five minutes) with 60 cc. of glacial acetic acid. Stirring 
was continued for thirty minutes longer, the solution was then seeded with a crystal of 
the addition product and 150 cc. of water was added slowly to precipitate the nitro 
ketone. After thirty minutes the solid was filtered off, washed on the funnel with 500 
cc. of water and three 50-cc. portions of 75y0 ethyl alcohol; 40 g. of a crude product, 
melting a t  4S0, was obtained. This was purified by dissolving i t  in the minimum quan- 
tity of 95% ethyl alcohol, adding 3 g. of norite and stirring the mixture for five hours. 
The charcoal was then filtered off and the product caused to crystallize by adding water. 
Thirty-five grams of material melting a t  49.5-50' was obtained in this way. 

Anal. Calcd. for CI~HI,O$J: C, 64.85; H, 5.02. Found: C, 65.0, 64.9; H, 5.17, 
5.20. 

r-Nitro-~-furyl-p-bromobutyrophenone.-This substance was prepared by the 
method described above for y-nitro-p-furylbutyrophenone. For purification a charcoal 
treatment of a solution of the ketone in a mixture of one part acetone to nine parts of 
ethyl alcohol was used. The yield of purified material corresponded to 75% of that 
theoretically possible. The product melted from 72 to 73'. 

Anal. Calcd. for C1AH12O4NBr: C, 49.7; H, 3.55. Found: C ,  49.9,49.8; H, 3.84, 
3.78. 

r-Phenyl-y-nitro-~-furylbutyrophenone.-19.8 grams of furfuralacetophenone was 
dissolved in 100 cc. of dry methanol in a round-bottomed flask fitted with a r d u x  con- 
denser. To the solution was added 13.7 g. of phenylnitromethane dried over phosphorus 
pentoxide. The mixture was made alkaline by adding a solution of 0.5 g .  of sodium in 
10 cc. of dry methanol, then refluxed for three hours, and cooled in an ice and salt 
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mixture with occasional shaking. The product which crystallized was sucked a s  dry 
as possible on a funnel and washed with 25 cc. of 95% ethyl akohol which had 
been cooled on an ice and salt bath; 25 g. of a product melting from 90 to 105O was ob- 
tained. Recrystallization from alcohol yielded 18 g. of nitro ketone, melting a t  153 to 
153.5". 

Anal. Calcd. for CzdHl7O&: C, 71.7; H, 5.07. Found: C, 71.7, 71.8; H, 5.11, 
5.20. 

r-Phenyl-r-nitro-p-furyl-p-bromobutyrophenone.-This ketone was prepared as 
described for y-phenyl-n/-nitro-B-furylbutyrophenone. A 29% yield of product melting 
a t  87 to 88.5' was obtained. 

Anal. Calcd. for CZoHl6O4NBr: C, 58.0; H, 3.86. Found: C, 57.8, 57.8; H, 3.81, 
3.75. 

Summary 
The addition products of nitromethane and phenylnitromethane t o  

furfuralacetophenone and furfural-p-bromo-acetophenone are described. 
COLLEGE PARK, MARYLAND 

[CONTRIBUTION FROM THE CHEMISTRY LABORA~ORY OF THE UNIVERSITY OF MICEIIGAN] 

THE REACTION BETWEEN THE BINARY SYSTEM MAGNESIUM 
+ MAGNESIUM IODIDE AND AROMATIC ALDEHYDES 

From the behavior of ketones, benzils and acids toward a mixture of 
magnesium and magnesium halide1 it was inferred that the carbonyl 
group in aldehydes as well would be affected in a similar manner. Thus, 
benzaldehyde, the aldehyde which we have studied most in detail, should 
react as follows 

Mg H H H 
2 CsH6CHO 2 CsHsC- ---+ C~HF,C-CC~H~ 

MgIz [ OMgI] IMgO OMgI (1) 
I 

It was found that the binary system reacts with benzaldehyde. Al- 
though, in reality, no hydrobenzoin to correspond to compound (I) is 
obtainable on the hydrolysis of the reaction mixture, there is nonetheless 
every reason to assume that the reaction indicated actually represents the 
first stage of the process. The disappearance of this intermediate product 
(I) is brought about by reactions subsequent t o  that given as the first 
step (Equation 1). We found, namely, that this hydrobenzoinate salt, 
which readily can be prepared directly from hydrobenzoin itself by treat- 
ment with methylmagnesium iodide, rapidly and completely reduces 
benzaldehyde to iodomagnesium benzylate (111), and thus becomes oxi- 
dized to  iodomagnesium benzoinate (11). 

Gomberg and Bachmann, THIS JOURNAL, 49, 236 (1927); 49, 2584 (1927) ; 
50,2762 (1928); Gomberg and Bailar, ibid., 51,2229 (1929); Gomberg and Van Natta, 
ibid., 51,2238 (1929); Bachmann and Shankland, ibid., 51,306 (1929). 
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H H H 
CBHKC-CCBHE, + CsHbCHO -) CeHaC-CCaHa + CaHr,CH20MgI (2) 
I M g O  OMgI 0 OMgI 

I1 111 

The speed of Reaction 2 is ever SO much greater than that of 1, so that 
in the reaction between benzaldehyde and the binary system no appreci- 
able amount of hydrobenzoinate can remain present as such. As soon as 
formed i t  becomes oxidized by the portion of the aldehyde which is still 
unchanged. 

However, when the reactants are taken in the proportion indicated 
jointly by Equations 1 and 2 (i. e., 3 moles of aldehyde + 1 atom of mag- 
nesium), then the final reaction mixture, hydrolyzed, still contains in- 
variably some unchanged aldehyde; the amount of benzoin is only about 
half of that calculated, and there is present, in addition, nearly an equal 
amount of a resinous substance of approximately the same composition as 
benzoin but of a much higher molecular weight than the latter. On the 
other hand, when, instead of one atom, an excess of metallic magnesium 
is taken, the total consumption becomes finally 1.5 atoms of the metal for 
3 molecules of the aldehyde, and no more than that even when the re- 
action period is allowed to extend for two years. The reaction mixture 
yields now the calculated amount (1 mole) of benzyl alcohol, but no ben- 
zoin, while the polymerized resin is proportionately larger in amount. 
Obviously the resinous substance must be continually being formed a t  the 
expense of the benzoinate salt (11) through a third step in the process, 
which step is brought about, like the first step, again by the binary system. 

Indeed, the benzoinate salt, as a ketone, should be susceptible to re- 
duction 

H CsHs Mg  H C ~ H E ,  HKCB H 
2CsHaC-C=O ----t CsHaC-C C-CCsH8 

MgIz 
(3) 

I 
IMgO 

I I I I 
IMgO OMgI IMgO OMgI  IV 

That salt, prepared directly from benzoin itself by the use of just enough 
methylmagnesium iodide to affect only the hydroxyl group, was found to 
react, although somewhat slowly, with the binary system. While the 
amount of metallic magnesium consumed corresponds near enough to 
that required by Equation 3, the quantity of tetraphenylerythritol pro- 
duced is only 5 to 12% of the calculated, the rest consisting of polymerized 
resin which, however, appears to be identical with that obtainable when 
one starts with benzaldehyde itself, 

The conclusion, therefore, seems justified that the mechanism of the re- 
action between the binary system and benzaldehyde consists in three 
consecutive steps, and these commence to overlap each other soon after 
the reaction ensues: (1) reduction by the binary system, in moderate 
speed, of the aldehyde to hydrobenzoin salt; (2) very rapid oxidation of 
the salt produced by still unchanged aldehyde to the salt of benzoin; 
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(3) slow reduction of the latter again by the binary system, with simul- 
taneous, or subsequent, polymerization or condensation. The relative 
proportions of benzoin and polymer will depend in each case upon the 
comparative speeds of Reactions 1 and 3, respectively, and upon how nearly 
the amount of magnesium consumed approaches the ratio of 1.5 atoms for 
3 moles of aldehyde. 

I t  still remains to determine the constitution of the polymer and the 
factors which induce its fortnation from the tetraphenylerythritol salt (IV) . 
Nor can we offer at  this time any explanation why, when starting with 
pure iodomagnesium benzoinate, one gets on reduction with MgI, in 
addition to the resin, a t  least 5-10yo of tetraphenylerythritol, while when 
starting with benzaldehyde, the final reduction product consists wholly of 
the polymerized resin. Other aromatic aldehydes that have been in- 
vestigated in this Laboratory by Mr. R. V. Shankland were found to react 
with the binary system essentially in the same manner as benzaldehyde. 

The fact that the binary system-with the surmised MgI as the real 
active reducing agent-is generally very analogous in its effects to that of 
metallic sodium, suggests that the mechanism of the much discussed re- 
action between sodium and aldehydes is fundamentally similar to that 
between our binary system and aldehydes. 

Experimental 
Numerous experiments were carried out, varying the relative amounts 

of the principal reactants, using small amounts and large amounts of 
magnesium iodide, and allowing the reaction to run for periods from a few 
hours to two years. Only a few experiments, typical of the others, are 
here described. 

It was established that benzaldehyde and magnesium iodide, in the 
absence of metallic magnesium, form merely a molecular complex, which, 
in the form of an etherate, separates as a heavy oil insoluble in the ether- 
benzene mixture employed as a solvent. On hydrolysis the complex is 
resolved completely into its components. With magnesium bromide, a 
crystalline complex is formed which, by coating the metallic magnesium, 
greatly slows down the reaction although in the end the same reduction 
product is formed. For this reason, magnesium iodide is to be preferred. 

Benzaldehyde (3 Moles) f Mg (1 Atom) $. Mg12.-To a filtered solution of mag- 
nesium iodide, prepared from 70 g. of iodine and excess magnesium powder, in a mixture 
of 125 cc. of absolute ether and 150 cc. of dry benzene, were added 53 g. of benzaldehyde 
and 4.1 g. of magnesium ribbon. The jar was tightly closed with a stopper and placed 
on a shaking machine. After several days the insoluble oil, the complex of benzaldehyde 
and magnesium iodide, nearly all disappeared, and by the end of two weeks all the mag- 
nesium had dissolved. The solution, hydrolyzed with dilute acid and additian of more 
benzene, was extracted with a solution of sodium carbonate (~ie ld  of benzoic acid, 1 2 
g ) and the solvents, ether and benzene, were removed by distillation under reduced 
pressure. The residue was digested with ether, the precipitated benzoin. only slightly 
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soluble in ether, was removed by filtration; to the filtrate was added some petroleum 
ether, which induced separation of more benzoin. In all, 15.1 g. of benzoin was ob- 
tained. Distillation of the filtrate under a pressure of 1 mm. on a steam-bath gave 15 
g. of an oil, from which, by use of sodium bisulfite, there were obtained 3 g. of benzalde- 
hyde and 11 g. of benzyl alcohol. The non-volatile portion of the reaction mixture, the 
polymerized resin, weighed 15 g. 

In  another experiment, with only 3.6 g. of metallic magnesium, the reaction was 
finished after the mixture was heated on a steam-bath for twelve hours. The result 
was 17.5 g. of benzoin, 4 g. of unchanged aldehyde, 10 g. of benzyl alcohol and 15 g. of 
resin. 

In  experiments in which only small amounts of magnesium and magnesium iodide 
were employed, considerable quantities of benzyl benzoate were formed. The condensa- 
tion of the aldehyde to the ester is here brought about in virtue of the catalytic influence 
of iodomagnesium benzylate, an effect similar to that of sodium benzylate. 

Benzaldehyde (3 Moles) -I- Mg (1.5 Atom) + MgI2.-Benzaldehyde, 106 g., was 
added to a solution of 150 g. of magnesium iodide in a mixture of 200 cc. of ether and 
300 cc. of benzene. Magnesium turnings, 12.2 g., were introduced and the mixture, 
protected from access of air by a mercury trap, was boiled under a refiux condenser. 
After twenty hours of heating, the magnesium was nearly all gone. The mixture was 
hyrolyzed, the mixed solvents removed by distillation and replaced by ether alone, but 
no precipitation of benzoin occurred. The ether was then evaporated, the benzyl al- 
cohol distilled under 1 mm. pressure and the non-volatile material extracted repeatedly 
with petroleum ether. There were isolated: benzaldehyde, none; benzoin, 2.5 g.; 
benzil, 1 g. ; benzyl alcohol, 30 g. ; resin, 65 g. 

In  another experiment, with the reactants in the same amounts as above and the 
magnesium in long ribbon strips, the mixture was placed in a one-liter graduated cylinder 
and the reaction allowed to proceed a t  room temperature. The magnesium was all dis- 
solved in ten weeks. No benzaldehyde was left and no benzoin obtained, the reaction 
products consisting solely of benzyl alcohol and the resin. 

Benzaldehyde + Mg (Excess) $- MgI2.-A mixture, in ether-benzene, of 53 g. of 
benzaldehyde, 75 g. of magnesium iodide and 8 g. of metallic magnesium was boiled for 
thirty hours. However, the amount of magnesium that reacted was only 6.35 g., i. e., 
1.5 atoms for 3 moles of the aldehyde, and the reaction products were benzyl alcohol, 
15.2 g., and polymerized resin. 

In a series of experiments, with 53 g. of aldehyde in each and with large excess of 
magnesium in form of strips, the reaction was allowed to proceed a t  room temperature 
from a year to eighteen months, but the loss in weight of magnesium was again about the 
same, namely, 6.36, 6.7, 6.36, 6.77 g., respectively. In still another experiment, the 
mixture was allowed to stand for two years-the loss in weight of the metal was 6.42 g., 
and the magnesium hydroxide produced on hydrolysis of the reaction mixture required 
135 cc. of 4 N acid instead of the calcd. 132 cc. The products were benzyl alcohol and 
resin. 

Oxidation of Iodomagnesium Hydrobenzoinate by Benzaldehyde to Iodomagnesium 
Benzoinate (Equation 2).-While hydrobenzoin itself is without effect upon benzalde- 
hyde, the salt readily reduces it to benzyl alcohol. The salt was prepared by adding 
solid hydrobenzoin to a solution of methylmagnesium iodide until evolution of methane 
no longer took place. 

To such a solution, prepared from 10.6 g. of hydrobenzoin, 5.3 g. of benzaldehyde 
was added. The reaction was complete after the mixture had been warmed for five to 
ten minutes. From the mixture, hydrolyzed, there was isolated 9.5 g. of benzoin and 3 g. 



Dec., 1930 AROMATIC ALDEHYDES + M ~ - M ~ I ~  4971 

of benzyl alcohol. In many experiments on a larger scale the yields also of alcohol ob- 
tained were much nearer to those calculated. 

The reduction of benzaldehyde by the hydrobenzoinate salt consists in the transfer 
of an I3 and MgI from the salt to the aldehyde. That only one of the two groups 
(I-ICOAfgI) is involved in this transfer has been proved in several ways, (a) Were the 
second group also involved, the reaction would then become as follows 

CsH,COCH(OMgI)CaH6 + CeH,CHO = CEH~COCOC~H~ f CsHbCHzOMgI (4) 
In reality, however, the reverse of this occurs-iodomagncsium benzylate reduced benzil 
to thr benzoinate salt, itself becoming oxidized to aldehyde. In  an experiment with 
iodomagnesium henzylate from 8 g. of alcohol with 8 g. of benzil, there was isolated 4.6 g. 
of benzoin and 1.9 g. of benzaldehyde. (b) Whether we start with benzaldehyde and the 
binary system, or with the aldehyde and the hydrobenzoinate salt, the actual presence of 
iodomagne.;ium benzoinate as one of the main resulting products has been confirmed by 
subjecting the mixtureof the reaction products, prior to hydrolysis, to the action of phenyl- 
magnesium iodide. In each case, then, after hydrolysis, triphenylethylene glycol resulted. 

C ~ H ~ C ~ C H ( O M ~ I ) C E H ~  + CeHjMgI = (CsHs)zC(OMg1)CH(OMgI)CsH6 (5)  
In one experiment, using 21 g. of benzaldehyde, 5.2 g. of pure triphenylethylene glycol 
was obtained, m. p. 168". In another experiment, starting with 2.4 g. of hydrobenzoin, 
2.5 g. of the same glycol was isolated from thc mixture of the reaction products. 

Reduction of Iodomagnesium Benzoinate by Mg + MgI2.-To a solution of 20 g. 
of benzoin and 16.5 g. of magnesium iodide in a mixture of 30 cc. of ether and 80 cc. of 
benzene, a concentrated ether solution of ethylmagnesium iodide was gradually added 
until no more ethane was being evolved. Magnesium powder, 2.5 g., was now added 
and the mixture refluxed on a steam-bath for fifteen hours. The solution was filtered 
and decomposed with dilute acid. Fine threads of tetraphenylerythritol crystallized 
from the solution, and some more from the filtrate, 2.8 g. in all, which is 14% of that 
possible. The remaining 17 g. of product consisted of the polymerized resin. Other 
similar experiments varied in yield of tetraphenylerythritol from 3 to 20% of the calcu- 
lated. The erythritol compound melted at 236'. and is identical with that which Kauf- 
mann2 obtained by electrolytic reduction of benzoin. By oxidation with copper sulfate 
in pyridine it gives benzil, almost weight for weight. 

The Resinous Component of the Reaction Mixture.-This material, whether ob- 
tained in the process of reduction by means of the binary system either of benzaldehyde 
or of iodomagnesium benzoinate, has the consistency of a thick sirup if the removal of 
the benzyl alcohol has been done merely by distillation under reduced pressure. The 
last traces of alcohol are best removed by steam distillation. If the resinous mass is now 
dissolved in ether and, after thorough drying of the solution, is completely freed from 
the solvent, it  is obtained as a yellow, transparent, solid, brittle mass of the appearance of 
rosin. I t  softens a t  about 50" and is all molten at about 60-65'. It is insoluble in 
petroleum ether. I t  remains entirely dissoived in ethyl ether when the solution is 
fairly concentrated-about 1 to 5-but on further dilution there separates, about 10 yo by 
weight, an amorphous white powder which is only very slightly soluble in ether and 
which melts a t  160 to 180°. The original resinous mass is probably a mixture of several 
individual substances. It has an average molecular weight of 600 to 800 and a per- 
centage composition of carbon and hydrogen not far from that of tetraphenylerythritol 
itself. Treatment with acids or alkalies, or acetylation, gave unsatisfactory results. 
While the erythritol (m. p. 236') gives on oxidation with copper sulfate in pyridine benzil 
almost quantitatively, the resin is unaffected by that reagent, which makes i t  appear 
hardly probable that the resin contains stereoisomers of this crystalline erythritol. 

Kaufmann, 2. Elektrochem., 4, 461 (1898). 
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Various Aromatic Aldehydes and the System Mg4 + Mg.3-Other aromatic alde- 
hydes were found to react with the binary system essentially in the same manner as 
benzaldehyde. When excess of magnesium was employed and the reaction was allowed 
to go to completion, just slightly more than 0.5 gram atom of magnesium dissolved 
for each mole of aldehyde reduced. Under those circumstances no corresponding ben- 
zoin was obtained, the only products being the primary alcohol and viscous oil analogous 
to the resin resulting from benzaldehyde. If, however, the reduction was only allowed 
to proceed until the complex of the aldehyde with magnesium iodide had disappeared, 
during which time approximately two-thirds of the maximum amount of metallic mag- 
nesium had dissolved, or when only that limited amount of magnesium was used for the 
reaction, then a fair yield of the corresponding benzoin resulted. These substituted 
benzoins, unfortunately, proved, in general, so soluble that they could not be separated 
readily from the viscous condensation products which always accompanied the other 
products. It was found advantageous to treat the mixture of the benzoin and the vis- 
cous oil with a solution of cupric sulfate in pyridine, thus obtaining the corresponding 
benzils. These proved usually only sparingly soluble in benzene or acetic acid and could, 
therefore, be more readily separated. The results are summarized in Table I. Excess 
of magnesium iodide was used in each mse, while the amount of magnesium was one- 
third of an atom to a molecule of the aldehyde. The solvents used for each experiment 
comprised 75 cc. of ether and 150 cc. of benzene. 

TABLE I 
REDUCTION OF ALDEHYDES BY BINARY SYSTEM 

Aldehyde reduced Moles G. Alcohol obtained G. Benzoin isolated as G. 

a-Naphth- 0 . 1  15.6 a-Naphthenyl 4.1 a-Naphthil 5.3 
p-Tolu- .25 30.0 p-Methylbenzyl 7 . 5  p-Tolil 7.0 
p-Anis- .25 34.0 p-Anisalcohol 10.0 p-Anisil 8.2 
p-Bromobenz- .25 45.3 p-Bromobenzyl 11.3 4,4'-Dibromobenzil 13.0 
p-Chlorobenz- .25 35.1 p-Chlorobenzyl 8 .5  4,4'-Dichlorobenzil 8.4 

Summary 
Benzaldehyde is reduced by a mixture of magnesium and magnesium 

iodide to the iodomagnesium derivative of hydrobenzoin, CeBbCH(OMg1) - 
(IMgO)HCC6Hs, thus using up two molecules of the aldehyde. 

The iodomagnesium hydrobenzoinate so produced reacts immediately 
with a third molecule of the aldehyde, with formation of the salts of ben- 
zoin and benzyl alcohol, CsHd2OCH(OMgI)CsHs and CeHbCH20MgI. 

The benzoinate salt suffers further, partial or complete, reduction by 
the binary system to tetraphenylerythritol and a polymer, or condensation 
product, of the latter. 

Other aromatic aldehydes are affected by the binary system, i. e., by MgI, 
in a manner essentially similar to that in which benzaldehyde is affected. 

ANN ARBOR, MICHIGAN 

From a dissertation by R. V. Shankland, du Pont Fellowship holder, presented 
to the Faculty of the University of Michigan in partial fulfilment of the requirements 
for the degree of Doctor of Science, 1930. 
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[CONTRIBUTION FROM THE2 CHEMISTRY LABORATORY OF THE UNIVERSITI OF MICIIIGAN] 

THE REDUCING ACTION OF COMPOUNDS CONTAINING THE 
GROUP >CHOMgI1 

Aliphatic Grignard reagents have long been known to be capable of 
exerting a reducing action on aldehydes and ketones, the carbonyl group 
being reduced to a carbinol group while from the Grignard reagent satu- 
rated or unsaturated hydrocarbons, or both, were formed. In some of 
the cases, however, the by-product is neither saturated nor unsaturated 
hydrocarbon, and this is particularly so when aromatic Grignard reagents 
are employed. Instead, the oxidation product is a ketone, namely, that  
ketone which corresponds to the secondary alcohol which would be the 
result of the normal addition product of the aldehyde and Grignard reagent. 
Although several complicated theories have been proposed to account for 
the formation of these anomalous products, the mechanism of the reaction 
is, no doubt, relatively simple. In these cases, as was first shown by 
Mar~hal l ,~  and as has been concurred in, finally, by Meisenheimer,3 the 
reductions cannot be ascribed to the Grignard reagent itself, but rather to 
the primary normal addition product of that reagent with the aldehyde, 
according to the equation 

H H 
(a) R-C-== f R'MgX = R-C-R' 

0 
MgX 

H H H 
(b) R-C-R' + R-C=O = R-C-R' + R-C-OMgX 

0 0 H 
(1) 

MgX 

The oxidation and reduction reaction involves thus merely the transfer of 
H and MgX from one molecule to another, although the exact mechanism 
of this transfer still remains uncertain. 

We converted secondary aromatic alcohols to their iodomagnesium 
derivatives and the latter were then treated with aldehydes. We found, 
in agreement with Meisenheimer's experiment on phenylethyl~arbinol,~ 
that the aldehydes were reduced to primary alcoholates, while the sec- 
ondary alcoholates were oxidized to ketones. 

The reducing action upon aldehydes, and also upon certain other com- 
pounds containing the carbonyl group, is not limited, however, to secondary 

From a dissertation submitted by R. V. Shankland, holder of the du Pont Fel- 
lowship 1929-1930, to the Faculty of the University of Michigan in partial fulfilment 
of the requirements for the degree of Doctor of Science, 1930. 

2 Marshall, J. Chem. Soc., 105, 527 (1914); 107, 509 (1915); 127, 2184 (1925). 
3 Meisenheimer, Ann., 446, 76 (1926). 
4 Ref. 3, p. 84. 
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alcohols; primary alcohols act more slowly, while dihydroxy secondary 
alcohols, glycols, are even more effective than monohydroxy secondary 
alcohols. Gomberg and Bachmann5 found that the iodomagnesium 
derivative of hydrobenzoin reduces benzaldehyde to benzyl alcohol very 
rapidly, itself becoming oxidized to benzoin 

In  other words, hydrobenzoin, although a di-secondary alcohol, functions 
in this reaction only through one of its two alcohol groups, just as if it 
were a monohydroxy alcohol. The ketone which results here, benzoin, 
can be isolated readily and the amount of it accurately established. This 
fact offered an opportunity to determine by means of hydrobenzoins on 
various aldehydes the extent of the possible occurrence of step (b) in 
Equation 1. Further quantitative evidence could thus be supplied in 
regard to Marshall's explanation concerning the apparently anomalous 
results in the Grignard reaction with aldehydes, especially when the alde- 
hyde is employed in excess. 

Experimental 
Reduction of Benzaldehyde by Iodomagnesiurn Hydrobenzoinate.-The reduction 

of benzaldehyde by iodomagnesium hydrobenzoinate js very rapid. The rapidity of 
the reaction can be judged from the following set of experiments. Hydrobenzoin, pre- 
pared in 60% yield according to the procedure described by D a n i l o ~ , ~  was converted 
into the iodomagnesium salt by adding 10.7 g. (0.05 mole) of the glycol to a standardized 
solution of ethylmagnesium iodide containing 0.1 mole of the Grignard reagent. To 
each sample was added a solution of 4.85 g. of benzaldehyde in benzene, and a t  the end 
of predetermined periods the reaction products were hydrolyzed and the components 
determined as described by Gomberg and Bachmann. The measure of oxidation- 
reduction that has occurred is based on. the yield of benzoin. The results are given in 
Table I. 

TABLE J 
REDUCTION OF BENZALDEHYDE BY IODOMAGNESIUM HYDROBENZOINATE 

Yield of benzoin 
Time Temper~ture Calcd , g. Found, g. % 

5 Min. Refluxing 9.70 7.10 73 2 
15 Min. Refluxing 9.2 95 3 
30 Min. Refluxing 8 95 92 3 
5 Min. Room temp. 5.82 00.0 

30 Min. Room tem'p. 8.40 86.6 
4 Hrs. Room temp. 8 45 87.1 

42 Hrs. Room temp. 9.05 93.3 

Reduction of Various Aldehydes and of Ketones by Hydrobenzoin.-The reduction 
of aldehydes by iodomagnesium hydrobenzoinate proved to be a general method for the 
preparation of primary alcohols. The method might prove particularly useful in the 
preparation of primary unsaturated alcohols, since the ethylene bond remains unaffected 

Gomberg and Bachmann, THIS JOURNAL, 52,4967 (1930). 
% Danilov, Ber., 60, 2393 (1927). 
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by the hydrobenzoinate salt. Although ketones, in general, proved unsuited for re- 
duction by  the glycolate, cyclohexanone and benzil were quantitatively reduced. 
The reduction of benzil by the glycolate is of especial interest as the oxidation product 
and reduction product are both iod~ma~nes ium benzoinate. When acetophenone was 
treated with the glycolate a fair yield of benzoin was ohtained but  no a-phenylethyl 
alcohol could be detected. Attempts to reduce p-dimethylaminobenzaldehyde by  this 
method were unsuccrssful. Other methods of reduction are known t o  have failed i n  
the wse of that  aldehyde; in fact, there is still some uncertainty as to  the properties 
of p-dimethylaminobenzyl alcoh01.~ Iodomagnesium benzoate was not affected by t h e  
glycolate. 

A summary of the results obtained appears in Table 11. The solvent used in all 
experiments consisted of a mixture of one part absolute ether and two parts anhydrous 
benzene, and a total of 225 cc. of the solvent was used when 0.1 mole of the aldehyde 
was employed for the experiment, which amount was generally used except in Experi- 
ment 20, when 0.05 mole of each reactant was taken. I n  Experiment 7 hydrolysis 
was accomplished by means of ammonium acetate solution, while in Experiments 16, 
17 and 18, water alone, followed by steam distillation, hydrolyzed the reaction product; 
in all other cases a mixture of ice and a slight excess of hydrochloric acid was used. 

I n  Experiments 11 and 12, due to the relatively high boiling points of the  alcohols 
formed, practically all of the hcnzoin was directly precipitated by adding petroleum 

TABLE I1 

REDUCTION OF ALDICNYDES AND KETONES BY TODOMAGNESIUM HYDROBENZOINATE 

Yield of benzoin, Yield of alcohol, 
Cnrbonyl compound used g. % g. % 

Aldehydes 
1 Renzaldehyde 20.2 95.3 8.9 82.5 
2 o-Tolualdehyde 19 0 89.6 10.0 81.9 
3 p-Tolualdehyde 19 1 90 1 9.8 80.3 
4 o-Anisaldehyde 18.3 86.3 9.6 69.6 
5 p-Anisaldehyde 16.4 77 4 9.6 69.6 
6 Piperonal 19.5 92.0 . . . . 
7 Salicylic aldehyde methoxymethyl 

ether 15.1 71.2 10.2 60.7 
8 o-Chlorobenzaldchyde 18.8 88.7 12.5 88.7 
9 p-Chlorobenzaldehyde 19 1 90.1 12.0 84.2 

10 p-Bromobenzaldehyde 19 5 92.0 15.2 81.3 
1 I a-Naphthaldehyde 20 3 95.7 13.1 82.2 
12 8-Naphthaldehyde 19 8 93.4 14.3 90.4 
13 Phenylacetaldehyde 15 3 72.2 7.1 58.2 
14 Cinnamic aldehyde 17.6 82.9 9.7 72.4 
15 n-Heptaldehyde 16.5 77.8 7.6 65.5 
16 Citronella1 16.6 78.3 10.7 68.6 
17 Citral 15.8 74.5 10.1 65.6 
18 Purfural 15.1 71.3 5.8 59.2 

Ketones 
19 Cycloliexanone 17.7 83.5 7.9 79.0 
20 Benzil 20.5 96.7 . . . . 
21 Acetophenone 9.8 46.2 . .  . . 
7 Clems and Smith, J. Chem. Soc., 2423 (1928); Carothers and Adams, THIS 

JOURNAL, 46, 1675 (1924). 
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ether to the freshly hydrolyzed reaction product. After filtration, the solvents were re- 
moved by distillation and the residue was fractionated, yielding the alcohol. In EX- 
periments 16 and 17 steam distillation separated the alcohol from the benzoin; the 
distillate was extracted with ether and benzene and the alcohol obtained from these by 
fractionation of the dried solution. In Experiment 18, after the ether and benzene were 
removed by steam distillation, the residue in the distilling flask was filtered from the 
water, the solid was washed with warm water and the aqueous filtrate extracted with 
ether and benzene. The furfuryl alcohol was obtained by distillation of the ether- 
benzene extract In Experiment 6, although good yields of benzoin were obtained, none 
of the pure alcohol to correspond to piperonal could be isolated. Apart from these 
exceptions, all experimental details were similar to those described under the reduction of 
benzaldehyde, and the alcohols formed were separated from the benzoin by distillation 
under highly diminished pressure. The alcohols were identified by their boiling points, 
mixed melting points if solid and by their naphthylurethans. 

Reductions by Substituted Hydrobenzoins.-A summary of these reductions is 
given in Table 111. Equimolecular quantities of oxidizing agent and reducing agent 
were used in each experiment. Since p-toluoin, unlike benzoin, is very soluble in ether 
and benzene, none precipitated on hydrolysis of the reaction mixture. The ether- 
benzene solution, after hydrolysis, was fractionated under reduced pressure; after the 
alcohol had distilled the p-toluoin came over a t  210° under a pressure of 1 mm., and was 
finally purified by crystallization from alcohol. Dichlorobenzoin is also quite soluble 
in all ordinary solvents. After the alcohol had been distilled, the residue was dissolved 
in boiling benzene; on cooling the solution, 0.35 g. of the 4,4'-dichlorobenzil, m. p. 195', 
separated, due to the ready oxidation of the benzoin by air. The benzene was removed 
by distillation and the residue was dissolved in boiling aqueous alcohol, an atmosphere 
of nitrogen being maintained over the surface of the liquid. On cooling, the dichloroben- 
zoin crystallized in the form of fine needles. In  the experiment with methylhydroben- 
zoin, the reaction product was hydrolyzed as usual and the ether-benzene solution was 
extracted with a saturated solution of sodium bisulfite, after which the organic solvents 
were allowed to evaporate spontaneously. The residual mass was digested with cold 
water until partial solidification took place. The mixture was filtered through a sin- 
tered glass filter. From the solid, recrystallized, the methylbenzoin, melting a t  65.6°,8 
was obtained; the liquid yielded the corresponding benzyl alcohol. Under similar 
conditions of experiment, phenylhydrobenzoin, as well as tetraphenylerythritol, did 
not reduce aldehydes. 

REDUCTION OF ALDEHYDES BY SUBSTITUTED HYDROBENZOINS 

Hydrobenzoin Benzaldehyde Benzoin Yield. Yield of alcohol 
used reduced obtained yo obtained, C/;, 

4.4'-Dimethyl- 4-Methyl- 4,4'-Dimethyl- 84.6 81.8 
4,4'-Dimethyl- 2-Chloro- 4,4'-Dimethyl- 83.3 84.8 
4,4'-Dimethyl- 4-Chloro- 4,4'-Dimethyl- 82.5 81.2 
4.4'-Dichloro- 2-Chloro- 4,4'-Dichloro- 85.8 82.5 

a-Methyl Benzald a-Methyl- 64.2 51.5  

Reductions by Iodomagnesium Derivatives of Secondary Alcohols.-A summary 
of the results obtained with benzhydrol as the reducing agent appears in Table IV. 
Besides reducing aldehydes, this alcohol was found capable of reducing benzil also, to 
idomagnesium benzoinate. The oxidation product was in all cases benzophenone; 
that the ketone was formed directly as such was proved by the fact that when the still 

Roger, J.  Chem. Soc.. 12'7, 518 (1925). 
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unhydrolyzed reaction product was subjected to the action of the binary system MgIz + 
Mg, good yields of benzopinacol were obtained.$ Since the pinacol is q d t e  insoluble in 
alcohol and could therefore be separated readily from other products of the reaction, the 
treatment with the binary system afforded a better method of estimating the yield of 
ketone formed than isolation of benzophenone itself. In the case of the reduction of 
benzil by the iodomagnesium derivative of benzhydrol, since the binary system would 
attack both benzil and iodomagnesium benzoinate, that method of estimating the yield 
of benzophenone was not used. One-tenth mole of each reactant was used except in 
Experiment 6, in which case 0.05 mole of each reactant was taken. 

TABLE IV 
REDUCTION BY BENZHMROL 

Yields 
Carbonyl compound reduced Benzophenone, % Alcohol, yo 

1 Benzaldehyde 83.7 71.7 
2 p-Tolualdehyde 80.8 72.2 
3 o-Chlorobenzaldehyde 71.7 73.0 
4 p-Chlorobenzaldehyde 79.7 75.8 
5 p-Bromobenzaldehyde 77.5 72.7 
6 Benzil 82.4 79.2 (benzoin) 

Table V contains the yields of the products obtained when the iodomagnesium de- 
rivatives of two other secondary alcohols were used as reducing agents. The reaction of 
the iodomagnesium derivative of benzpinacolin alcohol with benzaldehyde was of es- 
pecial interest, as i t  furnished the explanation why Schmidlinl%nd Chichibabinll 
failed to obtain benzopinacolin alcohol (unsym.-tetraphenyl alcohol) by the action of 
triphenylmethylmagnesium halides on benzaldehyde, the explanation being that the 
excess of aldehyde oxidized the alcohol so formed to the corresponding ketone, i. e., 
the pinacolin 

CeH5CHO + CeHsCH(OMgCI)C(CeHs)a = CeH.5CHzOMgCI + C ~ H ~ C O C ( C ~ H S ) ~  

Our low yields of acetone, obtained when iodomagnesium isopropylate was used, were 
due to the occurrence of condensations of aldehyde with the acetone formed in the re- 
action; in fact, styryl methyl ketone, 7 g., was isolated in the experiment with benzalde- 
hyde. The amounts of the reducing alcohols used were 0.05 mole. 

&DUCTION BY VARIOUS SECONDARY ALCOHOLS 

Secondary Oxidation Yield, Reduction Yield, 
alcohol Aldehyde product % product, alcohol % 

Benzopinacolin Benz- Benzopinacolin 80.0 Benzyl 78.0 
Benzopinacolin o-Chlorobenz- Benzopinacolin 77.3 o-Chlorobenzyl 75.0 
Isopropyl Benz- Acetone 30.0 Benzyl 52.0 
Isopropyl o-Chlorobenz- Acetone 20.4 o-Chlorobenzyl 71.0 

Reductions by Iodomagnesium Derivatives of Primary Alcohols.-Primary al- 
cohols, in the presence of a small amount of aluminum, or halogenomagnesium, alcoholate 
salt as catalyst, are known to be capable of reducing aldehydes and some other carbonyl 
compounds12 

RCH20H + R'CHO + RCHO + R'CHzOH 

Gomberg and Bachmann, THIS JOURNAL, 49,2361 (1927). 
lo Schmidlin, Ber., 39, 4183 (1906). 
l1 Chichibabin, ibid., 42, 3469 (1909). 
12  Meerwein and Schmidt, Ann.. 444, 221 (1925). 
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This reaction is reversible, but if, for instance, iodomagnesium benzylate be treated 
with a susceptible carbonyl compound whose reduction product is not affected by benzal- 
dehyde, then the reaction shou:d go to completion. Benzils are such compounds 

H 
RCHzOMgI + R-C-C-CR = R-CHO + R-C-C-C-R 

0 0 0 0 

I n  two experiments of this nature, using benzyl and chlorobenzyl alcohol, respectively, 
and benzil as the oxidizing compound, we obtained an 85% yield of the corresponding 
aldehydes and 90% of benzoin. 

Summary 

To  a still greater extent than the iodomagnesium salts of monohydroxy 
alcohols, the similar salts of hydrobenzoin and of substituted hydro- 
benzoins have been found effective in reducing saturated and unsaturated, 
aromatic and aliphatic aldehydes to their corresponding primary alcohols. 
Only one of the two alcohol groups in the hydrobenzoins is involved in this 
reaction, the hydrobenzoins becoming oxidized by the aldehydes to ben- 
zoin~, just as secondary alcohols become oxidized to ketones. 

The mechanism of this oxidation-reduction reaction consists in the 
transfer of an H and MgI from the group > CHOMgI in the alcohol to the 
carbonyl group of the aldehyde. 

The results of this investigation supply further evidence in favor of 
Marshall's explanation in regard to the apparently anomalous formation 
of primary alcohols and ketones in the course of the Grignard reaction on 
aldehydes: namely, the normally produced addition product, RR'CHO- 
MgI, is liable to become oxidized by the excess of aldehyde to the ketone 
RCOR', and the aldehyde reduced to RCH20MgI. 

ANN ARBOR, MICHIGAN 

THE PYROLYSIS OF PROPYLENE1 

BY CHARLES D. H U R D ~  AND RICHARD N. ME INERT^ 
RECEIVED SEPTEMBER 9, 1030 PUBLISHED DECEMBER 18, 1030 

That hydrocarbons of different types differ quite widely from each 
other in their behavior on pyrolysis has been demonstrated in earlier papers 
of this series. Normal and isobutane4 both undergo primary changes into 

This paper contains results obtained in a n  investigation on "The Pyrolysis of 
Pure Hydrocarbons," listed as Project No. 18 of American Petroleum Institute Re- 
search. Financial assistance in this work has been received from a research fund of the 
American Petroleum Institute donated by the Universal Oil Products Company. This 
fund is being administered by the Institute with the cooperation of the Central Petroleum 
Committee of the National Research Council. 

2 Director, Project No. 18. 
American Petroleum Institute Junior Research Fellow. 

* Hurd and Spence, THIS JOURNAL, 51, 3353 (1929). 
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simpler substances. Isobutylene5 not only yields simpler gaseous products 
but also gives rise to liquids which are aromatic in character. Methyl- 
acetylene was found to rearrange into allene, and allene,6 in turn, pyrolyzes 
almost exclusively into allene polymers. These polymers are liquids of an 
entirely different nature from the liquids produced from isobutylene. 

The subject of this study, propylene, has been investigated previously 
only by Frey and Smith.7 They observed that about one-third of the 
propylene was decomposed a t  575' with a reaction time of four minutes, 
in a silica bulb. Among the products of the reaction were hydrogen, 
ethylene, ethane and propane in small amounts. They also reported the 
presence of butylene and of small amounts of paraffin hydrocarbons con- 
taining as high as eight carbon atoms. The same workers showed that  
propylene reacts with hydrogen a t  575' to form some propane. 

Preliminary experiments in this Laboratory8 indicated that propylene 
was not appreciably changed a t  temperatures below 525' in pyrex glass 
apparatus when the hot contact time was fifty seconds. The present 
study revealed that there was practically no change below 600° even 
with contact times of two minutes. At 600' the change was only 4% with 
a contact time of thirty seconds but it increased to about 30% with a 
contact time of 155 seconds. At 650' and 120 seconds the amount of 
propylene pyrolyzed was 60Y0, while a t  the same temperature and a 
contact time of thirty seconds it was 16%. At 700' the change was 51% 
with a contact time of only twenty-five seconds, but i t  reached 72.5% by 
doubling the contact time. In quartz tubes with a contact time of about 
one-half second, the propylene was 90 to 95% pyrolyzed when the tempera- 
ture was 900 to 950°. The course of the reaction was similar to  the results 
in pyrex wherein a lower temperature but a longer contact time was used. 

The reaction in pyrex was predominantly homogeneous and unimolecu- 
lar, since dilution of the gas with nitrogen, or creation of an increased 
surface by packing the tube with pyrex glass, had a negligible effect on the 
fraction of propylene decomposed in a given time. 

The larger part of the propylene which disappeared in the reaction was 
broken down into simpler gases. Methane, ethylene, hydrogen and para£- 
fins higher than methane (consisting principally of ethane) were found in 
the ratio of 3 :3 : 1 : 1. As would be expected, the quantity of methane, 
hydrogen and total gas was found to increase with increasing temperature 
or with increasing contact time. This is evidently due not only to  a 
greater extent of pyrolysis but also to secondary reactions which involve 
the breakdown of Ct hydrocarbons. 

Hurd and Spence, THIS JOURNAL, 51,3561 (1929). 
6 Meinert and Hurd, ibid., 52, 4540 (1930). 

Frey and Smith, Ind. Eng. Chem., 20, 948 (1928). 
Hurd and Spence, unpublished results. 
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In  pyrex or in quartz about one-fifth to one-fourth of the propylene used 
was converted into aromatic liquids. Benzene and toluene were identified 
and more complex substances, such as naphthalene and phenanthrene, 
were indicated. The last two are not considered to be primary products 
of the pyrolysis since they could arise by interaction of the simpler aro- 
matic hydrocarbons with olefins a t  the high temperatures in question. 

When small volumes of propylene were pyrolyzed no feasible method 
suggested itself of obtaining the weight of the liquids, but with larger 
runs this could be done although quantitative precision was, necessarily, 
not realized. Thus, i t  was possible to account for the hydrogen within 
fairly satisfactory limits. In two runs a t  700°, the check was 100-104% 
of the theoretical and in one run at  955O the value was 107%. In one run 
a t  650° only 88% of the hydrogen was accounted for, and in one at  600° 
the value dropped to 8lY0. Probably these variations are the result of 
experimental error due to the smaller quantity of liquid product which 
was formed in these lower temperature experiments. Similar calculations 
on the carbon balance were of value in estimating the limit for the quantity 
of carbon which may have been liberated in the various runs. 

When a mixture of approximately equal parts of hydrogen and pro- 
pylene was pyrolyzed, it was noticed that the amounts of ethylene and 
methane formed were greatly increased. Little or no propane was formed. 
This indicates a tendency for the hydrogen to cause a scission of the pro- 
pylene molecule, thus 

CHsCH=CH% + Hz + CH4 + CHz=CHz 

Such a reduction may be preceded by the division of propylene into the 
methyl and vinyl radicals. 

The pyrolytic behavior of propylene in monel metal was also investi- 
gated. Here the almost exclusive change was a decomposition into 
hydrogen and a sooty form of carbon. Moreover, the rate of decom- 
position was much greater than when pyrex or quartz tubes were employed. 
Thus, with the same hot contact periods, much more propylene decom- 
posed in monel at  350° than in pyrex at  650°. 

A peculiarity about the reaction in monel metal was that it was auto- 
catalytic. The carbon formed and deposited on the walls of the tube near 
the beginning of the experiment catalyzed the reaction so that i t  proceeded 
much more rapidly after about twenty minutes. A number of experi- 
ments a t  different temperatures showed conclusively that this was the case. 
Both in appearance and in quantity was the carbon from the monel tube 
in decided contrast to the shiny, hard flakes of carbon which were deposited 
on the walls of the pyrex tube. 

The pyrolysis in monel metal tubes started a t  a temperature of 350°. 
At 375O, with a contact time of about half a minute, it was practically com- 
plete. No liquids or tarry products were formed in the reaction a t  any 
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temperature from 300 to 650'. About one liter of hydrogen and one-half 
liter of a mixture of paraffin hydrocarbons resulted from each liter of 
propylene consumed at  375'. With increasing temperature, the amount 
of hydrogen formed per liter of propylene increased to  1.7 liters a t  650') 
while thc amount of paraffins (chiefly methane) formed decreased to 0.2 
liter. 

The fact that the production of hydrogen increased with increasing 
temperature while the production of paraffins decreased indicates that the 
first step in the reaction is probably a splitting into compounds that are 
simpler than propylene, but which are themselves unstable a t  higher 
temperatures and also break down into their elements. 

Propylene, Isobutylene and Allene Compared.-It is interesting to 
compare the relative stability in pyrex of propylene and isobutylene, since 
both are olefin hydrocarbons which have been studied under analogous 
conditions. In  Table I i t  is shown that at the same temperature and 
contact time, the amount of pyrolysis is about the same for the two hydro- 
carbons. The isobutylene data are from the paper of Hurd and Spence." 

- Isobutylene , Propylene 
Temp., Contact time, Extent of Temp., Contact time, Extent of 

O C .  sec. pyrolysis, % O C .  sec. pyrolysis, % 

GOO 200 20.0 600 190.0 24.3 
650 27 22.7 650 26.8 16.7 

650 30.0 16.0 
700 25 51.4 700 25.0 50.8 

The mechanism which has been developed for isobutylene adequately 
explains the data in the pyrolysis of propylene. The former was reported 
to produce methane, propylene, hydrogen and isobutane a t  600' in the ratio 
(approximately) of 10:5:3:4. At 700' there was more methane and con- 
siderably less propylene in the off-gas. From the results obtained in this 
work, it would be expected that propylene formed from isobutylene would 
break down rather rapidly a t  700'. Aromatic liquids were found to  the 
extent of 23 to 63010, depending on the temperature and the contact time. 
Similar liquids were formed from propylene in 15-28% yields. 

To explain the pyrolysis of i-butylene, Hurd and Spence suggested that 
heat may rupture the single C-C or C-H bonds and that i t  may activate 
the C=C double bonds. Gaseous products were regarded as coming from 
the first process and liquids from the last. Evidently the same mechanism 
applies with the pyrolysis of propylene. The general experimental data 
for both propylene and isobutylene were very similar. 

Propylene and allene are both CQ hydrocarbons, but their mode of 
pyrolysis is quite different. The former is considerably the more stable of 

Wurd and Spetlce, THIS JOURNAL, 51, &561 (1929) 
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the two and it changes into gases and aromatic liquids. The latter gives 
but small amounts of gases and large quantities of non-aromatic liquids. 
No allene or polymers of allene were found (except possibly in traces) 
among the products of pyrolysis of either propylene or isobutylene. 

Experimental Part 
Apparatus.-An apparatus similar to  the one described by Hurd and Spence for 

use with i-butylenel0 was constructed for this study. The dimensions of the various 
reaction tubes were as follows: 

Total Inside Length in 
Tube length, cm. diameter, cm. furnace, cm. 

Pyrex 90 2 . 5  75 
Quartz 85 0.45 75 
Monel 92 2.0 75 

A 15-cm. length of 7-mm. tubing was sealed into the bottom of the pyrex tube. 
It was attached to a trap immersed in ice water which served to condense the liquid prod- 
ucts of the reaction. The thermocouple was placed inside the pyrex tube and was pro- 
tected by a pyrex sheath. 

Temperature measurements of the quartz tube were made by placing the thermo- 
couple in another quartz tube having walls of the same thickness and having one end 
closed. The two tubes were suspended side by side in the furnace with the end of the 
thermocouple about two-thirds of the way down. 

With the  monel metal tube the thermocouple was placed inside the tube with a 
porcelain insulator as its only covering. The ends of the thermocouple were exposed di- 
rectly t o  the hot gases and the leads were run through the rubber stopper which closed 
the  top end of the tube. To prevent the conduction of heat to the rubber stoppers, 
tight spiral coils, consisting of right turns of 5-mm. copper tubing, were wound around 
both ends of the monel tube. With water circulating through these coils the ends of 
the monel metal tube were kept quite cool by this device. 

The gases were analyzed as previously outlined by Hurd and Spence." 
Source of Propy1ene.-The propylene used in these experiments was generously 

furnished by  E. R. Squibb and Sons. Analysis showed that  it  contained less than 1% 
of impurities. 

The Pryolysis of Propylene in Pyrex.-Preliminary experiments, with 
temperature varying between 550 and 700' and the contact time varying 
between twenty-five and one hundred fifty seconds, were made to deter- 
mine the best conditions for the pyrolysis. The results are given in Table 
11, and the data make it evident that increasing either the temperature or 
the contact time gives rise to a marked increase in the amount of propylene 
decomposed. The results show further that the temperature range be- 
tween 600 and 700' offers the best opportunity for studying the mechanism 
of the reaction. Below GOO0 the pyrolysis is negligible, while above 700' 
the reaction is complicated by secondary reactions, consisting of the 
decomposition of the products of the primary reactions. 

It will be noted that the relative amounts of the various products formed 
lo Hurd and Spence, THIS JOURNAL, 51,3562-3563 (1929). 
" Hurd and Spence, ibid., 51,3356-3357 (1929). 



Dec., 1830 THE PYROLYSIS OF PROPYLENE 

TABLE I1 
EFFECT OF TEMPERATURE AND  RAT^ OP FLOW 

Run number 2 3 4 6 5 
Temperature, " C. 600 650 700 550 600 
Contact time, sec. 29 30 25 137 158 
Decomposition, yo 3.9 16 50.8 4 .1  29.7 
Cc. of products formed pvr liter of propylene pyrolyzed 

Absorbed in 62.,5% HHZSOI . . .  59 24 . . .  7 
Acetylenes . . .  32 11 . . .  I6 
Ethylene . . . 314 396 . . . 269 
Hydrogen . . . 83 149 . . . 69 
Paraffins . . . 415 558 . . . 375 

from each liter of propylene pyrolyzed are not greatly affected either by 
changing the temperature or the contact time. This matter will be dis- 
cussed in more detail in a later section. 

Effect of Dilution on the Reaction.-Several runs were made with 
either hydrogen or nitrogen added to the propylene in order to find out the 
effect of dilution of the propylene. The results are shown in Table 111. 

EFFECT OF DILUTION ON THE PYROLYSIS OF PROPYLENE 

Run number 5 12 11 
Temperature 600" 600" 600" 
Contact time, sec. 158 168 125 
Per cent. propylene in entering gas 97 53.1 97 
Per cent. Nz in entering gas 00 - 45.7 00 
Per cent. Hz in entering gas 00 00 00 
Per cent. propylene pyrolyzed 29.7 23.3 26.7 
Products formed per liter of propylene pyrolyzed, cc. 

Gas removed by 62.5% HzS04 7 12 22 
Acetylenes 16 16 49 
Ethylene 269 428 340 
Hydrogen 69 130 119 
Paraffins 375 500 388 

n in CnH2, + 2 1.54 1.42 1.42 
" 387 cc. of hydrogen were used up for each liter of propylene pyrolyzed. 

Examination of Runs 5 and 12 shows a somewhat smaller percentage of 
pyrolysis in the latter case. Whether or not this is a significant difference 
is open to question since in high temperature experiments which are 
carried out under seemingly identical conditions i t  is the customary ex- 
perience that precise duplication of data is only rarely achieved. We are 
inclined to believe that the values 29 and 23 are sufficiently near each 
other to indicate a predominantly unimolecular reaction, although strict 
interpretation of the values would indicate a reaction order between first 
and second. Some of the other differences which are noticeable in these 
two runs may be accounted for by the fact that in Run 12 almost no liquid 
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reaction products were formed whereas in Run 5, with no dilution, about 
20% of the propylene pyrolyzed was recovered as liquids. The nitrogen 
would act to lessen the formation of liquids by diluting the primary re- 
action products and hindering them from undergoing polymerization. 

When Runs 10 and 11 are compared, the percentage of pyrolysis is a 
little higher (rather than lower) in the dilution experiment. The order of 
magnitude is similar, however. As in the nitrogen dilution experiment, 
the amounts of ethylene and of paraffins formed are much larger than in 
runs where there was no dilution. Again, with a smaller liquid yield, the 
gaseous products showed up correspondingly when calculated on the basis 
of cc. of each product formed per liter of propylene pyrolyzed. 

A striking result when Runs 11 and 10 are compared is the change in 
the n in the paraffin formula. The volume of the paraffins formed is 
greatly increased, relatively more so than the volume of ethylene, but the n 
is decreased by adding hydrogen to the entering gas. This indicates the 
formation of methane, probably by hydrogenation of the C H r  radicals 
formed when the propylene is split a t  the single bond. Apparently not 
much propylene is hydrogenated to propane; otherwise the n would be 
higher than it is. This is an important point when considering the mecha- 
nism of the reaction, for i t  is best interpreted by considering that the CH3- 
residue is present in the hot zone, a t  least momentarily. 

Effect of Increased Surface.-Experiments were made a t  600 and 
650' to determine whether or not increasing the surface in the reaction 
tube had any effect on the amount of propylene pyrolyzed. The method 
consisted of packing the tube with long pieces of capillary tubing made by 
heating sections of large capillary tubing and drawing them out to a di- 
ameter of about one millimeter. Rough calculation showed that the 
surface in the reaction tube was about trebled. Table IV shows the re- 
sults of the experiments. The calculation for the contact time took ac- 
count of the decrease in the volume of the tube due to the packing. Evi 
dently the increased surface in the tube had no appreciable effect upon the 
amount of propylene pyrolyzed. Therefore, the decomposition of pro- 
pylene is apparently unimolecular and homogeneous. 

EFFECT OF INCREASED SURFACE 

Unpacked Packed Unpacked Packed 

Run number 20 25 21 26 
Temperature, "C. 600 600 650 650 
Contact time, sec. 139 150 90 .2  115 
Percentage pyrolysis 18.7 17.0 41 .8  44.2 

Gaseous Products Obtained in the Reaction.-The gaseous products 
of the pyrolysis of propylene were measured, collected and analyzed. 
From the percentage of propylene in the off-gas, the amount of unde- 
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composed propylene was determined, and this, subtracted from the 
propylene passed into the tube, gave the amount of propylene changed in 
the pyrolysis. The percentage of pyrolysis co~ild then be readily calculated. 

From the analysis of the off -gas and the volume of the off-gas, the total 
volume of each component present was found. This was divided by the 
number of liters of propylene actually changed and the result expressed as 
the number of cc. of each component per liter of propylene pyrolyzed. 
The advantage of this method of calculating the results is apparent, for 
it puts all the experimental data on a common basis. 

Table V shows some of the representative data a t  various temperatures 
and contact times. The table includes data with both pyrex and quartz 
reaction tubes. 

TABLE V 

PRODUCTS OBTAINED FROM PROPYLENE PYROI.YZED IN PYREX AND QUARTZ 

Run number 5 11 24 3 7 23 4 8 28 29 
Tube, pyrex or quartz P P P P P P P P Q Q 
Temp., O C .  600 600 600 650 650 650 700 700 950 955 
Contact time, sec. 158 125 131 30 120 79 25 53 0.513 0.471 
Entering flow, cc./min. 43 52 51 217 53 80 237 115 311 339 
Exit flow, cc./min. 39 51 50 207 55 80 261 130 436 478 
Press. in tube, mm. 744 750 752 748 746 750 744 742 744 750 
Val. entering gas, 1. 9 .56 23.3 3.73 23.9 10.1 3.84 24.9 13.7 12.44 17.96 
Val. exit gas, 1. 8 .87 22.7 3.63 23.7 10.5 3.85 26.8 15.5 17.45 25.33 
CsHeinenteringgas,O/o 94.9 96.8 95.9 96.6 95.3 95.9 94.2 95.2 95.0 95 .0  

Composition of exit gas, percentage by volume 
Acetylenes 1 . 3  1 . 5  0.0 0.9 1 .1  1.1 1 . 8  1 .4  2.2 2 . 4  
Absorbed in 62.5% 

H P S O ~  1 . 3  1 .4  0.0 2.1 0.9 1.1 2 .1  0 .6  1 . 2  0 . 3  
Propylene 71.9 72.6 83.4 82.0 37.1 59.2 43.0 23.0 6.7 3 . 3  
Ethylene 8 . 2  9 .0  5 .2  4.9 17.5 12.9 17.7 26.7 23.5 24.4 
Hydrogen 2 .1  2.9 1 . 3  1 . 3  6.9 4.3 6 . 6  9 .3  22.0 24.7 
Paraffins 11.4 10.3 6 .4  6 . 5  34.5 18.6 24.8 35.2 41.0 43.2 

n in CnHan + 2 1 . 5  1.42 1.54 1 .3  1.25 1.29 1.2 1.16 1.05 1.09 
Carbon monoxide 0 .4  1 .0  0 .2  0.5 0.6 0.2 0.0 1 . 1  . . . . . . . . 
Carbon dioxide .4  0.0 . O  .2 .1 .3 . 3  .2 . . . .  . . . .  
CO $- Cot . . . .  .... . . . .  . . .  . . . .  . . . .  . . .  .... 0.9 0 . 8  

Pyrolysis, % 29.7 26.7 15.5 16.0 59.3 38.4 50.8 72.5 90.3 95 .2  

Cc. of gaseous products formed per liter of propylene entering 
Acetylenes 5 13 .... 5 4 . . . .  6 . . . .  31.8 34.8 
Absorbed in 62.5v0 

HzSO4 2 6 . . . .  9 3 . . . .  12 . . . .  17.4 3 . 8  
Ethylene 80 91 53 50 192 134 202 318 343.0 354.5 
Hydrogen 21 32 13 13 76 45 76 111 318.0 359.0 
Paraffins 112 104 65 67 378 194 283 420 593 628 

Cc. of gaseous products per liter of propylene pyrolyzed 
Acetylenes 16 49 . .. . 32 6 . . . . 11 . . . . 35.2 36.6 
Absorbed in 62.5% 

HtSO4 7 22 . . . . 59 5 . . . . 24 . . . . 19.3 4 .0  
Ethylene 269 340 340 314 323 350 396 438 379.6 372.7 
Hydrogen 69 119 85 83 127 117 149 152 352.3 377.3 
Paraffins 375 388 418 415 637 505 558 580 656.5 659.9 

Wt. of liquids, g. Trace 2.37 . . . . Trace 1.7 . . . . 6 . 9  3 . 8  . . . . 6.47 
Per cent. of liquids, by wt. of 

CgHs, pyrolyzed 
. . . . 21 . .. . . . . 15.4 . . . . 27.6 24 . .. . 20.8 
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Sufficiently large samples of propylene were used in Runs 11, 7, 4, 8 and 
29 so that it was possible to check the hydrogen (free or combined) in the 
final gaseous products with the combined hydrogen in the original pro- 
pylene, correction being made in the latter for the propylene which was 
found to change into liquid products. In these runs the liquid could be 
weighed satisfactorily although high precision in this regard was im- 
possible. This, no doubt, was the major cause for the discrepancies which 
were noted in the hydrogen balance. In Runs 5, 24, 3 and 23 the original 
quantity of propylene was too small to yield a satisfactory volume of 
liquid. In Run 28 the liquid product was not worked up. 

In Run 11, 1906 out of a possible 2370 units of hydrogen were found in 
the gaseous products per liter of propylene pyrolyzed; in Run 7, 2233 out 
of 2538; in 4,2276 out of 2172; in 8,2281 out of 2280; and in 29,2553 out 
of 2376. In making these calculations, the gas which was "absorbed in 
62.5% H2S04" was assumed (with no especial justification) to be C4H8, 
and the "acetylenes" were assumed to be C2H2. TO illustrate the method 
of calculation in Run 11,49 cc. of CZHZ == 49 cc. of Hz; 22 cc. of C4Hs == 88 
cc. of Hz; 340 cc. of C2H4 == 680 cc. of Hz; 388 cc. of C,H,, + , where n = 

1.42 -- 970 cc. of HZ, which with 119 cc. of Hz totals 1906 cc. Supposedly, 
this volume originated from 7970 of 1000 cc. of C3H6, which is equivalent to 
2370 cc. of hydrogen. The check is only Slyo of the theoretical, but in the 
other four cases it is better, namely, 88, 104, 100 and 10770. 

The carbon content of the gaseous products was always less than the 
carbon content of the original propylene, corrected as before for the portion 
which changed into liquids. The two chief causes for this difference were 
carbon formation and the experimental difficulty in collecting and weigh- 
ing the small volume of liquid. Thus, in Runs 11, 7, 4, 8 and 29 the 
units of carbon in the gas at the end and a t  the beginning, respectively, 
were 1417/2370, 1474/2538, 1580/2172, 1514/2280, 1553/2376. If these 
differences are interpreted as being solely due to carbon formation, the 
values would indicate, respectively, 0.51, 0.57, 0.32, 0.41 and 0.45 g. 
of carbon. 
The Liquid Portion.-In addition to the gaseous products, about 

20y0 by weight of each liter of propylene pyrolyzed was recovered as 
liquid products. In the cases where the temperatures were low and the 
contact time short, the decomposition of the propylene was very small; 
consequently it was difficult to weigh the liquids which were obtained, as 
they amounted to less than a gram, and some of the liquid stuck to the walls 
of the reaction tube. But with three runs, one at  650' with a contact 
time of 150 seconds, and two at 700° and a contact time of thirty-six and 
fifty-two seconds, respectively, several grams of liquids were obtained and 
these runs averaged a liquid formation of 22% by weight of the propylene 
actually pyrolyzed. 
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A portion (12.5 g.) of these liquids, being the aggregate of several runs, 
was fractionated with a Vigreux fractionating column. The results were 
as follows. 

Fr:rction number 

1 
2 
3 
4 
5 
Reqidue 
Loss 

Roiling point, ' C  Weight, g. 

70-85 2.34 
85-107 2.04 

107-160 2.41 
160-200 1.58 
200-210 0.90 

2.90 
0.31 - 

12 48 

Fraction 5 partially solidified on cooling. All these fractions had an 
aromatic odor resembling that of toluene. 

Fractions 1, 2 and 3 were fractionated into three fractions and the 
refractive indices of these portions were determined. For reference, the 
refractive index of benzene, nz ,  is 1.501, and for toluene, 1.495. 

Irraction Boiling point, O C .  71; 

A 75 1.490 
B 75-85 1.499 
C 55-128 1.502 

Most of the fraction B boiled between 83 and 85' and most of fraction 
C boiled above 11s'. The refractive indices, together with the boiling 
points, indicate that these compounds are aromatic, presumably benzene 
and toluene with some higher homologs. Fraction A and B nitrated 
readily and, in experiments described below, it was confirmed that  the 
former was the nitro derivative of benzene. The higher-boiling fractions 
could not be obtained pure and were not identified. 

Besides the gaseous and liquid products, there was always a thin deposit 
of carbon formed in the reaction tube. This carbon was in the form of 
graphite and could be removed by scraping i t  from the tube, but it was 
more completely removed before each run by burning i t  out. There was 
also a small amount of heavy tar which collected on the sides of the tube, 
which was removed from time to time by dissolving i t  out with acetone. 

The Effect of Shorter Contact Times and Higher Temperatures upon 
the Pyrolysis of Propy1ene.-The results are summarized in Runs 25 
and 26 of Table V. A quartz tube was used instead of the pyrex tube. 
The gas was passed through the apparatus as rapidly as possible so that 
the hot contact time would be very short. The temperature was 950°. 
This was the maximum temperature of the furnace. 

Comparison of these runs with the others shows that pyrolysis a t  950' 
in quartz with a hot contact time of one-half second gives about the same 
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results as pyrolysis at  700' in pyrex with a contact time of fifty-three 
seconds. The percentage of propylene pyrolyzed is about 90 instead of 73, 
but the products formed are very much the same. There is about the 
same percentage of unrecovered propylene which is converted into liquids 
in each case, Gz., 20-25%. In both cases liquids are aromatic hydro- 
carbons and in both the gaseous products are the same. More hydrogen 
and methane are formed a t  the higher temperatures but this would be 
expected, since the secondary reactions would also be more rapid at high 
temperaiures. 

The liquids obtained from the 950' experiments were fractionally dis- 
tilled as carefully as the small volume would permit, with these results. 

Fraction Volume, cc. B. p., OC. n: 

A 2.0 78-97 1.5025 
B 0.8 97-130 1.5140 
C 1.0 130-180 1.5465 

Fraction A had an odor very much like that of benzene, fraction B an 
odor somewhat resembling that of toluene and fraction C smelled like tar. 
The properties of these liquids were almost identical with those of the 
liquids obtained from propylene in pyrex apparatus at 700'. Nitration of 
fraction A yielded m-dinitrobenzene. 

Experiments with a Monel Metal Tube.-A summary of data is given 
in Table VI. I t  will be seen that the effluent reaction products were 
gaseous, but in addition there was always a large amount of carbon de- 
posited in the tube. In some cases this deposit was so thick that it closed 

PRODUCTS OBTAINED FROM PROPYLENE IN MONEL METAL TUBE 

Run 1 2 3 4 5 6 
Temp., 'C .  650 500 375 250 325 350 
Contact time, sec. 14.8 35.3 27.3 22.7 26.5 25.8 
Entering flow, cc./min. 174 90 139 207 169 166 
Exit flow, cc./min. 362 175 225 207 170 220 
Press. in tube, mm. 745 748 752 742 748 745 
Vol. entering gas, 1. 5.32 2.25 7.63 16.55 10.68 6 65 
Vol. exit gas, 1. 11.05 4.38 12.35 16.55 10 77 8.80 
C3H1 in entering gas, Cr, 94.7 94.7 94.7 94.7 94.7 94.7 

Composition of exit gas, percentage by volume 
Hydrogen 77.6 71.3 56.8 . . .  . . . .  38.3 
Propylene 2.9 1.0 4.8 93.7 94 3 37.6 
Ethylene 2.4 1.0 0.6 . . . .  . . . .  0 . 3  
Other unsatd. hydro- 

carbons 1.1 2.0 2.1 . . .  . . . .  0.5 
Parafins 9.2 13.0 30.0 . . . .  . . . .  21.7 
n in CnHw + a 1.26 1.50 1.54 . . . . . . 1.81 

Percentage pyrolysis 93.6 92.7 91.2 0.0 0.5 47.4 



THE PYROLYSIS OF PROPYLENE 

TABLE VL (Concluded) 
Gaseous products formed per liter of propylene entering, cc. 

Hydrogen 1620 1390 976 . . . .  . . . .  
Paraffins 192 253 514 . . . .  . . . .  
Ethylene 60 19 10 . . . . . . . . 
Other unsatd. hydro- 

carbons 27 39 35 . . . . . . . . 
Gaseous products formed per liter of propylene pyrolyzed, cc. 

Hydrogen 1730 1500 1070 . . . . . . . 
Paraffins 205 273 564 . . . . . . 
Ethylene 64 21 11 . . . . . . . . 
Other unsatd. hydro- 

carbons 29 42 38 . . . . . . . . 
the tube completely and stopped the flow of the gas. This carbon was not 
graphitic as was the carbon deposited when propylene was pyrolyzed in a 
pyrex tube, but i t  had the appearance of soot and could be scraped easily 
from the walls of the tube. No liquids were obtained. 

I t  was noticed in these experiments that the ratio of the off-gas to the 
entering gas began to increase after the first five or ten minutes of the run 
and finally reached a constant value. This points to the fact that the 
action is autocatalytic, the carbon deposited on the walls acting as the 

TABLE VII 
RATIO OF OFF-GAS TO ENTERING GAS IN MONEL METAL 

Run 1 ,  650" 
Entering Exit 

Time volume (a) volume 
Ratio 

( b )  b /a  

. . . . . 
3.032 1.60 

.074 2.00 

.079 1.97 

.I56 2.44 

.066 2.27 
,017 2.13 

Run 3, 375' 
Entering Exit Ratio 

Time volume ( a )  volume (6 )  b/a 

Run 8, 350' 

. . .  0.000 
0.033 .036 

.036 .074 

.035 .I11 

.093 .222 

.030 .261 

.033 .306 

.035 .353 

.032 .399 

.030 .445 

Run 7. 

0.000 . . .  
,055 0.055 
.I27 .072 
.200 .073 
,272 .072 
.343 ,071 
.415 ,072 
.490 .073 
.565 .075 
,638 ,073 
.712 .074 
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catalyst so that the full rate of the reaction is not reached until the tube 
has been coated with carbon. The increase of the ratio of the off-gas to the 
entering gas is shown in Table VII. The data are given as taken from 
Runs 1, 3, 6 and 7. In the first column the elapsed time from the begin- 
ning of the run is given; in the second column, the total volume of the 
entering gas from the beginning of the run and in the fourth column the 
total volume of the off-gas from the beginning of the run. The figures in 
column three, (a) ,  represent the differences between successive figures in 
column two. Similarly, column five, (b), gives the differences between 
the readings in the fourth column. The ratio b/a, given in column six, 
represents the ratio of off-gas to entering gas over the period of time be- 
tween successive readings of the wet-test meters which measured the 
entering and exit volumes. I t  is to be noted that these readings were not 
taken at regular intervals but this does not affect the ratios. 

I t  can be seen readily that the ratios increase until a maximum 
is reached, and the maximum is reached in a shorter time a t  high ternpera- 
tures than at low temperatures. 

All the volumes in Table VII are expressed in cubic feet. The time is 
in minutes. 

Summary 
Propylene is rapidly decomposed at  temperatures above 600' in pyrex 

or quartz. The gaseous products are largely hydrogen, methane and 
ethylene with smaller amounts of acetylene and ethane. Aromatic liq- 
uids (benzene, toluene, etc.), comprise approximately 25y0 of the total 
reaction products. The reaction has been shown to be predominantly 
homogeneous and unimolecular. A mechanism for the reaction is sug- 
gested. 

Under comparable conditions in monel metal, decomposition of propy- 
lene begins at a much lower temperature, namely, 350'. The products 
are largely carbon and hydrogen and the reaction is autocatalytic. 

As compared with isobutylene, propylene has been shown to undergo an 
almost identical type of pyrolysis. 
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CARBITHIOIC ACID STUDIES. 
11. CYCLOHEXYLCARBITHIOIC ACID AND VARIOUS 

DERIVATIVES 

A number of carbithioic acids have been reported; however, the chem- 
istry of these compounds seems to have been neglected. Recently Bost 
and Mattox' studied tolyl-4-carbithioic acid and found that the -CSSH 
group showed a striking resemblance to the -COOH group in some cases, 
while in others a great dissimilarity was noted. 

In view of the fragmentary knowledge of the reactions of the -CSSH 
group, and of carbithioic acids in general, work has been extended to a 
new acid, cyclohexylcarbithioic acid. Its synthesis, its chemical and phys- 
ical propetties, and certain derivatives are described. 

Cyclohexylcarbithioic acid resembles its oxygen analog in the formation 
of salts, esters and toluides. It yields neither an acid chloride nor a thio- 
amide. Oxidizing agents convert it into hexahydrobenzoic acid. The thio- 
acyl peroxide was not obtainable. 

Experimental Part 
Cyclohexylcarbithioic Acid.-The Grignard reagent was made in the usual way 

from 0.5 mole of cyclohexyl bromide and 12.2 g. of magnesium. To this was added 38.1 
g. of carbon disulfide and the method adopted by Bost and Mattox1 in the preparation of 
tolyl-4-carbithioic acid followed, both in the preparation of the acid and in its purifica- 
tion. 

CycIohexylcarbithioic acid is a reddish-brown liquid with a putrid odor, and slowly 
decomposes on exposure to air. I t  distils with decomposition. It is soluble in most of 
the organic solvents. The acid is rather stable in ether solution. All its salts are stable. 
The sodium salt was used in the preparation of most of the derivatives. 

Silver Salt of Cyclohexylcarbithioic Acid.-A saturated solution of silver acetate was 
added slowly, with stirring, to an ether solution of the acid until precipitation was com- 
plete. The precipitate was filtered, washed with water, alcohol and toluene, and dried. 
It is slightly soluble in hot alcohol and toluene. 

Preparation of Esters.-The methyl and ethyl esters were made from the sodium 
salt of the acid and the corresponding alkyl sulfates. The propyl and butyl esters were 
made by refluxing equivalent quantities of the sodium salt and the corresponding alkyl 
bromides. The esters were purified by the usual method. 

p-Toluide of Cyclohexylcarbithioic Acid.-Ten grams of p-toluidine, 6 g. of the dry 
sodium salt and 6 ml. of concentrated hydrochloric acid were heated to gentle boiling in 
a beaker for thirty minutes. The mass was extracted with 50 ml. of hot toluene, boiled 
with charcoal, filtered and allowed to crystallize. The toluide separated in large color- 
less needles. It is soluble in hot alcohol, toluene and benzene. 

Attempt to Prepare the Thioamide.-The method adopted by Bost and Mattox1 

1 Bost and Mattox, THIS JOURNAL, 52,332 (1930). 
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in the preparation of the amide of tolyl-4-carbithioic acid was used. After a few days 
a solid separated. I t  consisted of white glistening leaflets melting a t  185-187'. The 
product contained nitrogen but no sulfur. Further investigation showed the substance 
to be the amide of hexahydrobenzoic acid. 

Action of Oxidizing Agents.-To an ether solution of the acid a t  room temperature 
was added concentrated nitric acid with stirring until the color was discharged. After 
several hours the product was extracted with ether and purified through its sodium salt. 
I t  melted a t  28' and gave negative tests for sulfur. Other tests showed the substance 
to be hexahydrobenzoic acid. 

Compound 

1 Silver salt 
2 p-Toluide 
3 Methyl ester 
4 Ethyl ester 
5 n-Propyl ester 
6 n-Butyl ester 

Formula 

1 C~HllSzAg 
2 Ci~HigNS 
3 CIIHIISZ 
4 CgHlaSz 
5 CIOHI~SZ 
fi C~iHzoSz 

TABLE I 
DATA ON DERIVATIVES 

Color Solvent M. p. orb .  p.,  OC 

Brick-red Insoluble 163 
Colorless Alcohol 160 
Orange-red . . . .  90 (3 mm.) 
Orange-red . . . . 106 (5 mm.) 
Orange-red . . . .  106 (3 mm.) 
Orange-red . . . . 145 (5 mm.) 

TABLE I1 

ANALYSES 

Sulfur, O/o Silver, % 
Calcd. Found Calcd. Found 

24.01 23.99 40.39 40 31 
13.75 13.87 
36.80 36.69 
34. OF 34.12 
31.70 31.80 
29.65 29.75 

Summary 

1. A new carbithioic acid has been prepared and its properties de- 
scribed. 

2. The acid readily forms salts, esters and toluides. 
3. Attempts to prepare the acid chloride and thioamide met with failure. 

CHAPEL HILL, NORTH CAROLINA 
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RESEARCHES ON PYRIMIDINES. CXIX. DETERMINATION OF 
THE CONSTITUTION OF ALKYLATION PRODUCTS OF 

PHENYLURACIL AND PHENYLHYDROURACIL1 

I11 uracil, as in hydantoin, the hydrogen atoms attached to each nitrogen 
atom can be replaced with alkyl or substituted alkyl groups by appropriate 
methods. If only one group is substituted, it enters the hydantoin mole- 

Uracil Hydantoin 

cule in the 3-posit i~n.~ This is not always true of the pyrimidine series, mix- 
tures of N-1 and N-3 substitution products being formed in some  case^.^,^ 

The position of the entering group in hydantoin can be determined directly 
by identifying the a-amino acids formed when the molecule undergoes com- 
plete hydr~lysis.~ On the other hand, the double bond of uracil is not easy 
to reduce1

5 and hydrouracils are hydrolyzed either only partially with the 
formation of the ureido acids, or are broken down completely, probably 
because the @-amino acids which would be formed are more unstable6 than 
the a-amino acids which result from the hydrolysis of hydantoins. The 
present investigation was undertaken with a view to establish some method 
for the determination of the position of an entering group. 

Since uracil and hydantoin are somewhat related and since comparison 
of the ultraviolet absorption spectra of hydantoin compounds had proved 
useful in the identification of substituted hydantoins,'v8 it seemed ad- 
visable to prepare a series of substituted uracils and to study their spectra 
in the ultraviolet. Uracils isomeric with hydantoins, whose spectra8 had 
been determined, were chosen so that structural differences between uracils 
and hydantoins could also be studied. The absorption spectra will be 
published in a later paper. 

Another consideration which led to the choice of this series of uracil 
Constructed from a dissertation presented by Janet Evans to the Faclilty of the 

Graduate School of Yale University in June, 1929, in partial fulfilment of the require- 
ments for the degree of Doctor of Philosophy. 

Johnson and Bates, THIS JOURNAL, 38,1087 (1916). 
Johnson and Hahn, ibid., 39, 1256 (1917). 

* Behrend and Dietrich, Ann., 309,265 (1899). 
Behrend, ibid.,  229, 38 (1885); 251,239 (1899). 

Qodionow, THIS JOURNAL, 51, 850 (1929). 
Carr and Dobbrow, ibid., 47, 2961 (1925); Carr, Report a t  Richmond Meeting 

of the American Chemical Society, April, 1927; Maclean, Thesis, Mount Holyoke 
College, 1926. 

Hahn and Evans, THIS JOURNAL, 50,806 (1928). 
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compounds for synthesis was the fact that in the course of the synthesis of 
methyl N-1-methyl-5-benzalhydantoin-N-3-acetate9 

N(CH3)CON(CHzCOOCH3)COC=CHC6Ha 
I 1 

it was noted that the two isomeric esters of this constitution (m. p. 66" and 
98') suffer a transformation to the same compound (m. p. 278') when they 
are allowed to stand in the light. This new compound is extremely in- 
soluble as well as high melting, and its analysis showed it to have the same 
empirical formula as the esters from which it was obtained. The acid 
corresponding to the esters and melting a t  198-199.5° was similarly trans- 
formed by light to an insoluble substance a t  310". 

At the time the possibility of a rearrangement from a five- to a six-mem- 
bered ring with the formation of the isomeric substituted uracil was con- 
~ idered .~  Synthesis of the pyrimidine to which the ester and acid might 
rearrange and comparison of their properties with those of the compounds 
melting a t  278 and 310' would definitely prove whether a change in the 
number of atoms in the ring had taken place. 

The present experimental evidence can lead us to no such conclusions. 
The uracil derivative, methyl N-1-methyl-6-phenyl-uracil-N-3-acetate, 
VI (see chartj, has properties differing widely from those of the product 
formed by the action of light on the isomeric hydantoin. The former has a 
melting point of 159' and is very soluble in alcohol, whereas the latter 
melts a t  27S0, and is practically insoluble. The corresponding acid melts 
a t  261°, in contrast to 310°, and is moderately soluble in alcohol. No 
evidence of the true structure of the compounds melting a t  278 and 310' 
has as yet been obtained. 

The compound methyl N-1-methyl-6-phenyl-uracil-N-3-acetate, VI, 
was synthesized by three different series of transformations, one of which 
definitely proves its structure. The course of the transformations and 
other minor relationships can be visualized by reference to the chart. 
The methods will be discussed separately. 

In carrying out the first series, jt was found that alkylation of 6-phenyl- 
uracil, with either methyl iodide or ethyl chloro-acetate, resulted in the 
formation of but one monosubstitution product, numbered, respectively, 
I and 111. Another product was isolated from the treatment with methyl 
iodide, and was proved to be dimethyl-6-phenyluracil, 11. That the posi- 
tive methyl group and the less positive ethyl acetate residue enter the same 
position in the ring is proved by the following facts. 

The methyl derivative, I, prepared by the alkylation of 6-phenyluracil 
has very different properties from those of the I-methyl-6-phenyluracil, 
XVIII, synthesized from benzalrnethylamine. The former crystallizes in 
glistening leaves and melts at  228-230°, whereas the latter occurs in long 

Hahn and Evans, THIS JOURNAL, 49,2877 (1927). 
L1 
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slender needles and melts a t  194-195'. The nitrogen content of the two 
compounds is identical. Since the method of preparation of the latter 
substance requires that the methyl group must be in the 1-position, it 
follows that the hydrogen in the 3-position of the former compound must 
have been replaced by a methyl group. 

Similarly, the methyl derivative, V, of ethyl 6-phenyl-uracil-N-3-ace- 
tate, 111, which was prepared by alkylation of the corresponding acid, IV, 
with dimethyl sulfate and subsequent esterification, was shown by mixed 
melting point determinations and analyses to be the same compound as 
that prepared from 1-methyl-6-phenyluracil, XVIII, by treatment with 
ethyl chloro-acetate. On saponification, a sample of the ester formed from 
1-methyl-6-phenyluracil was transformed into the corresponding acid, 
which has the same properties as those of the acid prepared by methylation 
of the 6-phenyl-3-acetic acid, IV. Thus the acetic acid or ester residue is 
in the 3-position, which is the same position entered by the methyl group. 

The yield of substituted 6-phenyl-uracils was very low; moreover, it was 
found that reduction to the corresponding saturated compounds could not 
be effected by ordinary means. The saturated compounds were therefore 
prepared by alkylation of phenyl-hydrouracil. Their relationships to the un- 
saturated compounds were demonstrated by the substitution of bromine in 
position 5 of the ring,1° and subsequent expulsion of hydrogen bromide. The 
products were identical with those prepared by alkylation of phenyluracil. 

The hydrolysis of these saturated compounds cannot be used to deter- 
mine their constitution. It was found that 3-methyl-6-phenyl-5,6-di- 
hydrouracil VIII is rather readily hydrolyzed to the corresponding ureido 
acid IX, but prolonged action of boiling barium hydroxide solution a t  
atmospheric pressure failed to complete the hydrolysis. When the com- 
pound was heated with barium hydroxide solution in a sealed tube a t  150°, 
complete destruction of the molecule resulted. 

Alkylation of 6-phenyl-5,6-dihydrouracil with ethyl chloro-acetate re- 
sulted in the formation of a mixture of which the major portion was identi- 
fied as ethyl-6-phenyl-5,6-dihydrouracil-N-3-acetate. Two acids were 
obtained by the saponification of this ester in either acid or alkaline solu- 
tion. Of these, the one, XII, melting a t  231°, is that related to the original 
ester since it reverts to that ester on treatment with absolute alcohol and 
dry hydrogen chloride. The formation of the other acid may be accounted 
for by the following mechanism 

HOOCCHzNHCONHCH(CeH6)CHzCOOH 

J Ureido acid 

NHCON(CH2COOH)COCH2CHC& NHCON(CH(C6H~)CHZCOOH)COCH2 
I _I I 

Pyrimidine Hydantoin 

lo Fischer and Roeder, Ber., 34, 3763 (1901). 
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Hydrouracils can be hydrolyzed to the corresponding ureido acids, and 
reclosure of the ring effected by heating in acid solution. Two possibilities 
for ring formation from the ureido acid in question are evident. The 
validity of this explanation has not been determined. 

The synthesis of N-l-methyl-6-phenyl-5,6-dil1ydrouracil, XVI, which 
now became essential for the proof of the structure of the whole series, 
depends on the fact that 8-amino acids react with potassium cyanatell 
in water solution and then undergo rearrangement to 8-ureido acids, 
which form hydrouracils on the closure of the ring. Accordingly the acid 
8-N-methylamino-P-phenylpropionic acid, XIV, had to be synthesized. 

A modification of the recent method of Rodionow for the synthesis of 
&amino acids12 seemed the most promising for the synthesis of 8-N- 
methyl-8-phenylpropionic acid, especially since it offered a plausible 
mechanism of his reaction. Rodionow discovered that the reaction of 
alcoholic solutions of ammonia or amines with aldehydes and malonic acid 
is more complicated than Knoe~enagel'~ supposed and results in the 
formation of &amino acids as well as cinnamic acids. 

The repetition of Knoevenagel's experiments with acid and neutral am- 
monium malonate and benzaldehyde in the present investigation shows 
that besides the cinnamic acid, which was formed in slightly smaller 
amounts than those reported by him, the corresponding 8-amino acid was 
isolated in yields corresponding to slightly more than 50% of the calculated 
amount. Ammonium acetate was also used very successfully as a source 
of ammonia with benzaldehyde and malonic acid in alcoholic solution. 

The reaction of malonic acid with benzalmethylamine, the aliphatic 
analog of Knoevenagel's benzalaniline, proceeds to form 8-methylamino- 
8-phenylpropionic acid, XIV, and cinnamic acid in approximately equal 
amounts. The intermediate addition product, XIII, of benzalmethylamine 
and malonic acid was isolated in pure condition. On heating, i t  undergoes 
decomposition, giving a mixture of 8-amino acid and cinnamic acid. 

The isolation of this amine dicarboxylic acid addition product offers 
some positive evidence in support of Rodionow's post~la t ion '~  that the 
formation of @-amino acids from an aldehyde, ammonia and malonic acid 
proceeds in the following order: first, condensation of aldehyde and am- 
monia to form an irnine; second, addition of malonic acid to the double 
bond; and, finally, loss of carbon dioxide. This mechanism is the most 
plausible one suggested. The relative yields of &amino acid and cinnamic 
acid depend on the stability of the former. 
N-l-methyl-6-phenyl-dihydrouracil, XV, was formed without difficulty 

l1 Lengfeld and Stieglitz, Am. Chem. J., 15,516 (1893). 
12 Rodionow and Malewinskaja, Ber., 59,2952 (1926). 
l3  Knoevenagel, ibid., 31, 2596 (1898). 
l4 Rodionow and Postovskaja, THIS JOURNAL, 51,841 (1929). 
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from the 0-amino acid by the use of potassium cyanate in neutral solution 
and could be made to condense quantitatively with ethyl chloro-acetate 
in the presence of sodium ethylate to form the disubstituted saturated 
uracil, XIX. 
N-1-methyl-6-phenyl-hydrouracil, XVI ,  is converted quantitatively by 

the action of bromine in chloroform solution under pressure into the 5- 
bromine substitution product, X V I I ,  which loses hydrogen bromide on 
heating a t  its decomposition point and forms the theoretical amount of 
1-methyl-6-phenyluracil, XVII I .  Condensation of the latter compound 
with ethyl chloro-acetate in the presence of sodium ethylate results in 
nearly quantitative formation of ethyl N-l-methyl-6-phenyl-uracil-l- 
acetate, VII. Saponification of the ester obtained by this method results 
in the formation of the acid V. Both acid and ester are identical in proper- 
ties with the products obtained by direct substitution of phenyluracil. 

The synthesis from benzalmethylamine in addition to its inherent theo- 
retical interest, and its being absolute proof of the structure of the disub- 
stituted uracils, was also the most efficient method for their preparation, 
since the yields of each of the intermediate products were extremely good. 

Experimental Part 
A. Derivatives of 6-Phenyluracil 

The 6-phenyluracil, used as a starting point in this investigation was prepared 
according to the method of Johnson and Hemingway.I6 This method involves the con- 
densation of ethyl benzoylacetate16 and thiourea to form 6-phenyl-2-thiouracil and the 
subsequent desulfurization of this compound. The 6-phenyluracil obtained in this 
way was recrystallized once before using for syntheses. 

N-3-methyl-6-phenyluracil, I, (m. p. 228-230°), and N-1-3-dimethyl-6-phenyl- 
uracil, 11, (m. p. 122-122.5') were prepared simultaneously by treating 6-phenyluracil 
with methyl iodide in alkaline solution. 

The general method is illustrated by the following experiment. Ten grams of 6- 
phenyluracil (m. p. 269-270 5") was refluxed on the steam-bath for six hours with a 
solution of 1.2 g. of sodium in 100 cc. of methyl alcohol. Excess methyl iodide was added 
and refluxing continued for twenty-four hours or until the sodium salt had disappeared 
and the solution had become neutral. On evaporation, 5 g. of material melting from 
110 to 210' and 4 g. melting from 89 to 125' were obtained. Since i t  was found that the 
substituted uracils are much more soluble in boiling chloroform than the unsubstituted 
phenyluracil, separation of these mixtures could be accomplished with comparative 
ease. Extraction of these two successive precipitates with boiling chloroform gave in 
the &st case, 2 g. of almost pure mono-methyluracil (m. p. 225-228") ; and in the second 
case, 3 g of dimethyluracil, m. p. 106-118'. The combined residues, insoluble in chloro- 
form, amounted to 4 g. of unsubstituted phenyluracil fm. p. 265-269'). Evaporation 
of the mother liquor gave products contaminated with iodine and which could not be 
further purified. Iodoform separated in several cases and was identified by mixed 
melting point determinations. Only one monomethyl derivative was ever isolated 
from the reaction mixture although diligent search was made for another. 

" Johnson and Hemingway, THIS JOURNAL, 37,379 (1915). 
l6 Wahl and Doll, Bull. soc. chim., [4] 13,265 (1913). 
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N-3-methyl-6-phenyluracil, I, m. p. 22&230°, was also prepared by treating N-3- 
methyl-6-phenyl-5,A-dihydrouracil, VIII, with bromine. Equal molecular quantities 
of bromine and hydrouracil were heated for one hour in a sealed tube with acetic acid 
as a solvent. Half of the product consisted of N-3-methyl-6-phenyluracil, m. p. 224- 
22g0, which does not lower the melting point of the product obtained by direct methyla- 
tion of phenyluracil. The rest of the product was a mixture, m. p. 140-155O, which 
contained the original N-3-methyl-6-phenyl-dihydrouracil. 

After four recrystallizations from boiling alcohol, its melting point remained con- 
stant a t  228-230'. I t  is soluble in boiling alcohol and precipitates in the form of large 
glistening leaves. It is also soluble in boiling chloroform. 

Anal. Calcd. for C1lHloOzNz: N, 13.86. Found: N, 13.80, 13.75. 

N-1-3-dimethyl-6-phenyluracil, 11, m. p. 122-122.5', is soluble in chloroform and in 
boiling alcohol. After four recrystallizations from alcohol, from which it precipitates 
as small glistening leaves, a sample melting a t  122-122.5' was used for analysis. 

Anal. Calcd. for ClzHlzOzNs: N, 12.96. Found: N, 13.01, 13.17. 
Potassium 6-phenyluracil was prepared by boiling 15 g. of 6-phenyluracil with a 

solution of one equivaient of potassium hydroxide in 150 cc. of water and filtering out 
the undissolved uracil. Its melting point lies above 300'. After one recrystallization 
from boiling water the salt was analyzed. 

Anal. Calcd. for CloHsOsNzK: N, 12.33. Found: N. 12.61, 12.63. 
Ethyl-6-phenyluracil-N-3-acetate, III, m. p. 205-206 ", was prepared from 6-phenyl- 

uracil by treatment with sodium ethylate and ethyl chloro-acetate. In  a sample ex- 
periment, 25 g. of 6-phenyluracil was refluxed for three-quarters of an hour with a solu- 
tion of 4 g. of sodium in 300 cc. of absolute alcohol. Twenty-five grams of ethyl chloro- 
acetate was added and the refluxing continued until the solution was practically neutral, 
which required ten days. Nearly complete precipitation was brought about by the addi- 
tion of an equal volume of water and a few drops of hydrochloric acid. Boiling chloro- 
form extracted 4.3 g. of ester from this precipitate, leaving 19 g. of unchanged phenyl- 
uracil. Although the ester was prepared several times with variations in the length of 
time of heating, no better ~ ie lds  were obtained. No evidence of the formation of the 
isomeric N-1 substituted compound was obtained. When two equivalents of sodium 
was used with 35 g. of phen~luracil, the yield of ester was increased to 8 g., and 19.7 g. 
of phenyluracil was recovered unchanged. On long standing, additional precipitates 
were obtained from the mother liquor aggregating 7.6 g., m. p. 75-220'. This gave more 
ester on extraction with chloroform. 

Anal. Calcd. for C14H1d04N~: N, 10.22. Found: N, 10.19, 10.42, 10.49. 

The ester passes quantitatively into the salt of the corresponding acid IV, m. p. 
305O, on saponification with potassium hydroxide. The ester is soluble in boiling 
alcohol from which it can be conveniently recrystallized. I t  forms as fine colorless 
needles. 

6-Phenyluracil-N-3-acetic, IV, m. p. 304-305", was obtained in quantitative yield 
by boiling the corresponding ester with about six equivalents of dilute potassium 
hydroxide for one and one-half hours and acidifying the resulting solution with hydro- 
chloric acid. It is insoluble in water and only very slightly soluble in boiling alcohol 
and acetone. It can be recrystallized most conveniently irom boiling glacial acetic 
acid, in the form of tiny clear cubes. 

Anal. Calcd for C,HloO&: N, 11.39. Found: N, 11.12, 11.27. 

The acid can be esterified by treatment of its suspension in absolute alcohol with 
dry hydrogen chloride, when it passes quantitatively to the ester, 111, m. p. 205-206". 
When treated with dimethyl sulfate it yields the N-1-methyl derivative, V. The acid 
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is also formed when ethyl 6-phenyl-5,6-dihydrouraciI-3-acetate, X, is treated with 
bromine in a sealed tube. 

N-1-methyl-6-phenyluracil-N-3-acetic acid, V, m. P. 261-263", was readily pre- 
pared by treating 6-phenyluracil-N-3-acetic acid, IV, with dimethyl sulfate. For 
example, 7 g. of acid, m. p. 303-305O, was dissolved in a solution of somewhat more 
than two equivalents of potassium hydroxide in 100 CC. of alcohol. About 9 moles 
of dimethyl sulfate (15 cc.) was added dropwise and alternately with a solution of potas- 
sium hydroxide to keep the reaction mixture alkaline. The mixture was refluxed for 
half an hour to destroy any excess dimethyl sulfate, evaporated to small volume, di- 
luted with water and acidified with hydrochloric acid. An immediate precipitate of 
7.3 g. of an acid resulted. 

Anal. Calcd. for C~sHlzOnNz: N, 10.77. Found: N, 10.63, 10.67. 
The acid is very slightly soluble in boiling water, but it is soluble in boiling glacial 

acetic acid and in boiling ethyl alcohol, from which it crystallizes in the form of small 
clear cubical crystals. 

Methyl-N-1-methyl-6-phenyluracil-N-3-ace VI, m. p. 157-157.5", was formed 
quantitatively by alternately saturating with hydrogen chloride and refluxing a sus- 
pension of the corresponding acid, V, in methyl alcohol. 

Anal. Calcd. for C14H140dN2: N, 10.21. Found: N, 10.06, 10.21. 
The ester is very soluble in boiling alcohol, but is much less soluble in cold alcohol. 

I t  crystallizes in stout colorless needles. On saponification with concentrated hydro- 
chloric acid the ester reverts quantitatively to the acid V. 

Ethyl-N-1-methyl-6-phenyluracil-N-3-acetate VII, m. p. 109-110, was prepared 
from the acid, V, by the above method using absolute ethyl alcohol in place of methyl 
alcohol. The yield was quantitative, 2.9 g. of ester resulting from the esterification 
of 2.6 g. of acid. Its analysis is given below (a). This ester was also prepared by treat- 
ing 2.8 g. of N-1-methyl-6-phenyluracil, XVIII, with 0.4 g. of sodium in 40 cc. of ab- 
solute alcohol, and 0.8 g. of ethyl chloro-acetate. The sodium salt, which precipitated 
immediately on the addition of the uracil to the sodium ethylate solution, was refluxed 
for fifteen minutes before the addition of the ethyl chloro-acetate, and refluxing continued 
for four hours thereafter, or until the solution had become neutral to litmus. Water 
was added causing successive precipitates which aggregated 3.1 g. of fairly pure ester. 
After four recrystallizations it was analyzed (b). 

Anal. Calcd. for ClsH1~OaNz: N, 9.72. Found: (a) N, 9.85, (b) N, 9.98. 
The ester is very soluble in boiling alcohol and in 50% alcohol, from which it crys- 

tallizes in clusters of long, very fine silky needles. On saponification with concentrated 
hydrochloric acid it passes quantitatively into the corresponding acid, V. 

Reduction of N-1-methyl-6-phenyl-N-3-acetic acid or its methyl ester could 
not he accomplished by catalytic methods, nor by the use of hydrogen iodide, both 
of which had proved successful in reducing the isomeric hydantoins.8 Units of 1.5 g. 
of acid or ester were used and recovered quantitatively in each of the four experiments. 
In two cases, one with the acid and one with the ester, hydrogen was used with colloidal 
palladium as a catalyst.17 In the third the acid was heated for two hours a t  120-130" 
with 5 cc. of hydrogen iodide, 0.5 g. of red phosphorus and 20 cc. of acetic acid. In the 
fourth, the acid was heated for five hours a t  140-145O with 1.0 g. of red phosphorus 
and 30 cc. of hydrogen iodide, sp. gr. 1.70. 

B. Derivatives of 6-Phenyl-5,6-dihydrouracil 
6-Phenyl-5,6-dihydrouracil was prepared by heating cinnamic acid with urea, the 

general method of Fischer and Roeder.lo Their procedure was modified by decreasing 

l7 Hahn and Gilman, THIS JOURNAL, 47,2948 (1925). 
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the temperature from 250 to 190°, and increasing the length of time of heating from one 
to six hours, whereby the yields were nearly tripled. From 50 g. of cinnamic acid and 
30 g. of urea yields of 22-24 g. of phenyldihydrouracil, m. p. 215-217O, were obtained. 
This melting point agrees with that given by Posner18 and by Dakin,lg 216-217', rather 
than that obtained by Fischer,lo 202-203'. 

6-Phenyl-5,6-dihydrouracil was also prepared by treating a solution of P-phenyl- 
P-aminopropionic acid with potassium cyanate and evaporating to dryness." The 
product was dissolved in a little water and acidified with hydrochloric acid. The pre- 
cipitate, m. p. 183-186O, proved to be the ureido acid and passed quantitatively into 
phenyl-hydrouracil (m. p. 215-217°) on heating with 10% hydrochloric acid. Mixed 
melting point determinations demonstrated the identity of these compounds with those 
obtained by Fischer's synthesis. 

The P-phenyl-P-aminopropionic acid used in the above synthesis was prepared 
by treatment of 3 g. of benzaldehyde with 3 g. of malonic acid, 4.5 g. of ammonium 
acetate and 25 cc. of absolute alcohol. The materials were refluxed for two hours, dur- 
ing which time carbon dioxide was evolved. On coding, 3.2 g. of amino acid decompos- 
ing a t  213-215' precipitated, and from the filtrates, 1.2 g. of cinnamic acid, m. p. 128- 
131'. 

In several experiments ammonium malonate was used in place of malonic acid and 
ammonium acetate. The ammonium malonate was prepared by treating a solution of 
malonic acid in dry ether with a stream of dry ammonia gasz0 

From 10 g. of the mono-ammonium malonate refluxed for two hours with 10 g. of 
benzaldehyde and 25 cc. of absolute alcohol, 6 g. of amino acid and 3.2 g. of cinnamic 
acid were obtained; from 6 g. of the mixture of mono and di-ammonium malonate re- 
fluxed for three and one-half hours with 4.6 g. of benzaldehyde and 25 cc. of absolute 
alcohol, 3.2 g. of amino acid and 2.8 g. of cinnamic acid were obtained. After recrys- 
tallization from boiling alcohol, the amino acid melted a t  215-216O. Since the melting 
point does not agree with that given by Posner,ls 231°, or R o d i o n o ~ , ~ ~  22g0, the identity 
of the compound was established by an analysis. 

Anal. Calcd. for CsH,,OzN: N, 8.49. Found: N, 8.48. 

N-3-methyl-6-phenyl-5,6-d'iydrouracil, VIII, m. p. 149-150.5°, was prepared by 
the following method. The sodium salt of 6-phenyl-5,6-dihydrouracil was formed by 
refluxing 17.5 g. of the hydrouracil with a solution of 2.3 g. of sodium in 300 cc. of ab- 
solute alcohol for one hour. The addition of 20 g. of methyl iodide caused almost im- 
mediate solution of the salt. Refluxing was continued for one-half hour. On standing 
for twenty-four hours and further evaporation, 14 g., m. p. 145-14Q0, precipitated and 
a small amount of unchanged hydrouracil was recovered. The methylated compound 
was purified by recrystallization from boiling water and alcohol, from which it precipi- 
tates in the form of needles. 

Anal. Calcd. for C ~ I H ~ ~ O ~ N Z :  N, 13.73. Found: N, 13.88, 13.86. 

On treatment with bromine, in sealed tubes, N-3-methyl-6-phenyl-5,6-dihydrouracil 
can be transformed into the corresponding unsaturated compound, I. On hydrolysis 
a t  atmospheric pressure the corresponding ureido acid IX is formed. 

Hydrolysis of N-3-methyl-6-phenyl-5,6-dihydrouracil, VIII.-The hydrolysis was 
conducted both a t  atmospheric pressure and a t  elevated pressures. I n  the first case, 
6.4 g. of hydrouracil was digested with 50 g. of barium hydroxide, 100 cc. of water and 
100 cc. of methyl alcohol for one hundred hours. After removing the solid barium 

l8 Posner, Bar., 38, 2316 (1905). 
Dakii, J. Biol. Chem., 8, 39 (1910). 

20 McMaster, Am. Chem. J., 49,295 (1913). 
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hydroxide by filtration, the solution was distilled into weak hydrochloric acid. A very 
small amount of methylamine hydrochloride contaminated with ammonium chloride 
was isolated from the distillate. The residue in the flask was exactly neutralized with 
sulfuric acid and filtered from the barium sulfate. A precipitate of 2.6 g. of coarse 
needles which decompose a t  178' resulted after further evaporation. This compound 
reverted quantitatively to the original hydrouracil on treatment with 10% hydrochloAc 
acid. This result and the following analysis of the product decomposing a t  178' estab- 
lished the fact that the hydrouracil is hydrolyzed with the formation of the ureido acid 
IX, on prolonged treatment with barium hydroxide and that complete hydrolysis can- 
not be effected by this means. 

Anal. Calcd. for C11H14OtNz: N, 12.61. Found: N, 12.70, 12.74. 
The molecule degenerated completely when N-3-methyl-6-phenyl-5,6-dihydro- 

uracil (3.5 g.) was heated a t  150' for seventy-two hours in a sealed tube with excess 
barium hydroxide and a little water and subsequently treated as described above. 
The acid distillate yielded 1.5 g. of solid which was extracted with absolute butyl alcohol 
and found to consist of nearly the theoretical quantities of ammonium chloride and 
methylamine hydrochloride. After the barium had been removed from the reaction 
mixture and the filtrate evaporated to dryness only 0.5 g. of a substance, m. p. 115-120°. 
remained. This was found to be neither benzoic acid nor cinnamic acid. The peculiar 
odor and lachrymal effect of the vapors indicate that the other products of this profound 
decomposition are volatile with steam. It is evident that this method cannot be used 
for the determination of the position of the methyl group. 

Ethyl-6-phenyl-5,6-dihydrouracil-N-3-acetate, X, m. p. 154.E~156~, is the major 
product formed when the sodium salt of phenyl-dihydrouracil is treated with ethyl 
chloro-acetate. Twenty grams of phenyl-dihydrouracil was rduxed for four hours 
with two equivalents of sodium (4.8 g.) in 250 cc. of absolute alcohol; 40 g. of ethyl 
chloro-acetate was added and refluxing continued for nine hours or until the solution 
was neutral. The addition of an equal volume of water caused the precipitation of 
10.4 g., m. p. 135-170'. The filtrate was evaporated to dryness and extracted with 
chloroform and then alcohol. From the chloroform solution 2.7 g. of a mixture, m. p. 
110-128°, was obtained. This mixture was never resolved, though several attempts 
with chloroform, water and alcohol were made. The alcohol extraction yielded 3,4 
g. of original hydrouracil. The ester was obtained by extraction of the first precipitate 
with chloroform, leaving a residue of 1.7 g. of the original hydrouracil. The extract 
was recrystallized from boiling alcohol, giving 5.1 g., m. p. 148-151'. After several 
recrystallizations from boiling alcohol, from which it precipitates as fine white needles, 
its melting point remained constant a t  154.5-156 O. 

Anal. Calcd. for ClrHl~OpNs: N, 10.15. Found: N, 10.15, 10.17. 
On hydrolysis the ester is converted into a mixture from which the acid, XI, m. p. 

228-231 O, can be isolated. Treatment with bromine also results in the formation of a 
mixture from which a bromine compound, XII, and the corresponding unsaturated acid, 
IV, were isolated. 

Bromination of ethyl-6-pheny1-5,6-dihydrouracil-N-3-acete was carried out a t  
100" in a sealed tube. Three grams of the hydrouracil was heated with 1.5 moles of 
bromine in glacial acetic acid for three hours. After neutralization, a precipitate of 
2.8 g. which decomposed a t  212-235' was obtained. This was recrystallized from boiling 
alcohol, giving 0.8 g. of a bromine compound, XI, which forms in spongy balls and melts 
a t  259-261 with decomposition. 

Anal. Calcd for C11H15OdN2Br: N, 7.89. Found: N, 7.61, 7.63. 
From the filtrate, 0.35 g. of original ester and 1.3 g. of a mixture melting from 80° 

to above 267 were obtained. 



In a second experiment the heating at  100' was continued for seven hours and re- 
sulted in the formation of another mixture. In this case, however, no pure bromine 
compound could be isolated but a small amount (0.8 g.) of material melting a t  350° 
was obtained by recrystallization. I t  was proved to be 6-phenyluracil-N-3-acetic acid, 
IP, by a mixed melting point determination. The remainder of the material con- 
sisted of a mixture melting from 180 to 275" with decomposition. Although this method . 
is not feasible for the preparation of the acid, IV, the relationship between the two com- 
pounds has been definitely established. 

6-Phenyl-5,6-dihydrouracil-N-3-acetic acid, XII, m. p. 228-231 ", can be isolated 
from the mixture formed when the comksponding ester, X, is hydrolyzed in either acid 
or alkaline solution. The proportion of it is practically the same in either case. When 
0.5 g. of pure ester was boiled with 30 cc. of concentrated hydrochloric acid for two hours, 
0.2 g., m. p. 228-23 1 ", and 0.2 g., m. p. 165-215 ", were obtained. The product melting 
at  228-231" passed quantitatively to the ester, m. p. 154.5-156O, on treatment with ab- 
solute ethyl alcohol and dry hydrogen chloride. On esterification of the mixture, both 
the original ester, m. p. 14&152", and a new ester, m. p. 132-135", were obtained. This 
latter ester was not obtained in large enough quantities for analysis. 

When 5 g .  of ester, m. 'p. 154.5-156O, was rduxed with potassium hydroxide for 
ofie and one-half hours and the resulting solution acidified, 4.2 g., m. p. 180-220°, 
precipitated. This was resolved into two products, 2.6 g., m. p. 228-231'. and 1.0 g., 
m. p. 170-18O0, by one recrystallization from boiling alcohol. Further recrystallization 
from boiling alcohol failed to alter the melting point. 

Anal. Calcd. for 621-11204N2: N, 11.29. Found: N, 11.07, 11.19. 

C. Derivatives of Benzalmethylamine 

p-N-methyl-benzylmalonic acid, XIII, decomposition point 147O, is the primary 
product of the action of malonic acid on benzalmethylamine. I t  is formed with the 
evolution of heat and begins to precipitate from the reaction mixture almost immedi- 
ately. On further heating it loses carbon dioxide to form the corresponding &amino- 
propionic acid, XIV, and cinnamic acid. I t  was recrystallized once from boiling alcohol. 

Anal. Calcd. for C I ~ H I ~ O ~ N :  N, 6.28. Found: N, 6.53. 
p-N-methyl-B-phenylpropionic Acid, XIV, m. p. 168.5-169°.-Benzalmethylamine 

(20 g.), malonic acid (16.7 g.) and absolute alcohol (80 cc.) were mixed and warmed 
gently on the steam-bath. After five to ten minutes the solution was filled with the 
feathery white crystals of the malonic acid addition product and carbon dioxide was 
being given off. The refluxing was continued, causing the gradual disappearance of the 
precipitate. At the end of three hours solution was complete and evolution of carbon 
dioxide had ceased. The solution was cooled in a freezing mixture and the product 
precipitated slowly as a white powder by addition of ether or by seeding. The precipi- 
tate obtained by seeding always contained some cinnamic acid. The yield of Pamino 
acid was 12 g., and of cinnamic acid obtained from the ether solution, 9 g. Small 
amounts of benzaldehyde and benzoic acid were also detected. 

Anal. Calcd. for C ~ ~ H ~ O Z N :  N, 7.82. Found: N, 7.72, 7.71. 
The acid precipitates as feathery crystals from pure boiling alcohol, in which i t  is 

less soluble than it is in the reaction mixture. I t  is extremely soluble in hydrochloric 
acid. From the latter, the hydrochloride crystallizes in clusters of needles. 

6-Phenyl-P-N-1-methyl-ureido-propionic acid, XV, rn. p. 165-167O, could be pre- 
pared in good yield by the treatment of p-phenyl-B-N-methylpropionic acid with the 
calculated amount of potassium cyanate in a small quantity of water. Thus, 2.5 g. of 
the amino acid dissolved in 15 cc. of water was treated with 2 g. of potassium cyanate. 
The solution was heated on the steam-bath for one and one-half hours, cooled, acidified 



and filtered immediately. The yield was 2.0 g., m. p. 165-167". When the hydro- 
chloride of the amino acid was used the product of the reaction was a mixture of the 
ureido acid, the corresponding hydrouracil, and a little cinnamic acid. The mixture 
melts from 130-150 a with decomposition. 

The ureido acid can also be prepared by the partial hydrolysis of the corresponding 
hydrouracil with dilute alkali. 

N-1-methyl-6-phenyl-5,6-dihydrouracil, XVI, m. p. 158-159.5°.-Closure of the 
ring was brought about quantitatively by heating either the pure ureido acid, XV, or the 
mixture with 10% hydrochloric acid. The product is soluble in boiling water, from 
which i t  crystallizes in long fine needles, and in alcohol, from which it crystallizes in 
short heavy needles. 

Anal. Calcd. for C~IH~ZO~NZ: N, 13.73. Found: N, 13.72, 13.56. 
N-1-methyl-6-phenyl-5,6-dihydrouracil can be transformed readily into the corre- 

sponding unsaturated compound by treatment with bromine and subsequ'ent expulsion 
of hydrogen bromide. An ethyl acetate residue can be readily substituted for hydrogen 
in the N-3-position. 

N-l-rnethyl-6-phenyl-5-bromo-5,6-dihydrouracil, XVII, m. p. 214-215 O.-Bromi- 
nation of N-1-methyl-6-phenyl-5,6-dihydrouracil was brought about in sealed tubes a t  
100". When acetic acid was used as solvent, the major product was the 5-bromo 
compound, but a small quantity of another mono-bromo compound which crystallizes 
in long needles, m. p. 240-242" without decomposition, was also formed. I t  was found 
more convenient to brominate in chloroform solution by the following method. Bro- 
mine (4.5 g.) in 40 cc. of alcohol-free chloroform and 5 g. of dihydrouracil were sealed 
in a Carius tube and heated at  100° for one and one-half hours. After cooling, the solu- 
tion was diluted to 200 cc. and extracted with a solution of sodium bicarbonate until 
free from acid. The chloroform was evaporated and the product (6.9 g.) recrystallized 
several times from boiling alcohol. I t  precipitates as glistening leaflets which de- 
compose a t  214-215O. None of the compound melting at  240-242" was formed. 

Anal. Calcd. for C11H1102NaBr: N, 9.93. Found: 214-216", N, 9.92, 10.19; 
240-242", N, 9.95, 10.18. 

Boiling the bromine compound for four hours with an equivalent of pyridine in 
absolute alcohol produced no change. Hydrogen bromide could, however, be driven 
off by heating, as described below. 

N-1-methyl-6-phenyluracil, XVIII, m. p. 194-195°, was prepared by heating the 
bromine derivative, XVII, at  its decomposition point, 215O. Hydrogen bromide is given 
off, the reaction being complete in Gfteen minutes. The yield is quantitative, 3 g. of 
bromine derivative giving 2.1 g. of uracil. The product was purified by recrystalliza- 
tion from boiling alcohol and from water. No test for bromine could be obtained by 
fusion with sodium. 

Anal. Calcd. for CI~HIOOZN~: N, 13.86. Found: N, 13.79, 13.84. 
On treatment with sodium and ethyl chloro-acetate the N-3-ethyl acetate deriva- 

tive, VII, is formed. 
Ethyl N-l-methyl-6-phenyl-5,6-dihydrouracil-N-3-acetate, XIX, m. p. 70-71 ", 

resulted in good yield from the treatment of N-1-methyl-6-phenyl-5,6-dihydrouracil 
with sodium and ethyl acetate in the usual manner. The reaction is complete half an 
hour after the addition of ethyl chloro-acetate. The ester could not be induced to crys- 
tallize from the reaction mixture. I t  was therefore evaporated to dryness and extracted 
with ether, leaving behind sodium chloride and unchanged N-1-methyl-6-phenyl-5,6- 
dihydrouracil. The ester was obtained in crystalline form after evaporation of the 
ether and stirring. From 7.8 g. of N-1-methyl-6-phenyl-5,6-dihydrouracil, 6.6 g. of 
ester was obtained. The ester is exceedingly soluble in boiling alcohol, but i t  was puri- 
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fied for analysis by recrystallizations from slightly more dilute solutions in this solvent. 
Water can be added to precipitate the remainder of the ester. 

Anal. Calcd. for ClsHlsOlN2: N, 9.66. Fourld: N, 9.52, 9.42. 

Summary 
1. The pyrimidine methyl N-1-methyl-6-phenyluracil-N-3-acetate has 

been synthesized by three series of transformations using 6-phenyluracil, 
6-phenyl-5,6-dihydrouracil and benzalmethylamine as starting points. 

2. The structure of methyl N-1-methyl-6-phayluracil-N-3-acetate has 
been definitely established by its synthesis from benzalmethylamine. The 
structures of the other uracils and hydrouracils have also been proved by 
relationships to this ester. 

3. P-Phenyl-8-aminopropionic acid has been prepared by the reaction 
of benzaldehyde, malonic acid and ammonium acetate. 

4. The preparation of 8-phenyl-8-methylaminopropionic acid from 
benzalmethylamine is evidence that the formation of P-amino acids from 
ammonia or amines with aldehydes and malonic acid may take place with 
the intermediate formation of an imine. 

NEW HAVEN, CONNECTICUT 

THE DECOMPOSITION OF ETHYL NORMAL-BUTYLACETO- 
ACETATE INTO CAPROIC ACID AND METHYL 

NORMAL-AMYL KETONE 
BY NATHAN L. DRAKE AND R. W. RJEMENSCHNEIDER~ 

RECEIVED SEPTEMBER 17, 1930 PUBLISHED DECEMBER 18, 1930 

A number of methods for the preparation of n-caproic acid have ap- 
peared in the literature from time to time.2 Of the various schemes which 
have been suggested, the synthetic method described in the article men- 
t i ~ n e d , ~  starting from ethyl malonate, is the most useful. By use of this 
method, yields of 74% of the theoretical were obtained. 

A synthesis of caproic acid from ethyl n-butylacetoacetate is possible 
and, inasmuch as ethyl malonate has a molecular weight of 160 compared 
to 130 for ethyl acetoacetate, the acetoacetic ester method appears a t  first 
sight attractive. Prices of raw materials are also much in favor of this 
rne th~d.~  Consequently, if satisfactory yields can be obtained, the de- 

From a thesis submitted to the Graduate School of the University of Maryland 
by R. W. Riemenschneider in partial fulfilment of the requirements for the degree 
of Master of Science. 

2 See Adams and Marvel, THIS JOURNAL, 42, 317-319 (1920), for a brief summary 
of these methods. 

a Eastman's "List No. 21" quotes the following: ethyl acetoacetate $7.00 per 
kg.; ethyl acetoacetate (pract.) $3.00 per kg ; ethyl malonate, $12.00 per kg.; ethyl 
malonate (techn.) $10.00 per kg. 
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composition of ethyl n-butylacetoacetate should offer a more economical 
method of preparing caproic acid than the decomposition of ethyl n-butyl- 
malonate. 

Considerable quantities of caproic acid were necessary in a research being 
conducted in this Laboratory, and i t  was decided, therefore, to study the 
reaction mentioned above. 

Methyl n-amyl ketone can be prepared in approximately a 60% yield by 
the decomposition of ethyl n-butylacetoacetate4 under appropriate condi- 
tions, and the present paper is a report of a series of experiments on factors 
affecting the yields of this ketone and caproic acid when ethyl n-butyl- 
acetoacetate is decomposed by alkali. 

The effect of varying concentrations of alkali on the decomposition of 
many mono-substituted ethylacetoacetates has been studied, but ethyl 
n-butylacetoacetate is not among them. 

Percentage yield of caproic acid and methyl 
n-amyl ketone. 

Fig. 1.-The effect of potassium hydroxide concentra- 
tion on the decomposition of ethyl n-butylacetoacetate 
(T, 105"). 

Experimental 
Decomposition of the Ester.-In a round-bottomed three-necked flask fitted with a 

reflux condenser, a mercury-sealed mechanical stirrer and a separatory funnel, were 
placed the desired amount of water and potassium hydroxide. The reaction flask was 
then heated to the desired temperature by means of an oil-bath and the ester6 added 
over a period of an hour. The temperature of the oil-bath was read from time to time 
and the temperatures given in the figures are oil-bath temperatures. Stirring was 
continued for five hours. 

"Organic Syntheses," John Wiley and Sons, Inc., New York, 1928, Vol. VIII, 
p. 60; see also "Discussion of Results," below. 

6 Prepared according to "Organic Syntheses," John Wiey and Sons, Inc., New 
York, 1927, Vol. VII, p. 36, b. p. 112-117" a t  16 mm. pressure. 



Isolation of Methyl n-Amy1 Ketone.-The alkaline reaction mixture was dauted 
with 250 cc. of water, except in those cases where dilute alkali was used, and the  al- 
cohol and ketone which had been produced were distilled off. Distillation was continued 
until no more water-insoluble material passed into the distillate. The ketone Iayer 
was separated, washed twice with one-half its volume of saturated calcium chloride 
solution and dried over anhy- 
drous calcium chloride. The 125 
water layer of the distillate was 
again distilled until about half 
its volume of distillate was col- 
lected. From this second dis- 110 

tillate the ketone was separated 
cj 

and the distillation process re 0 

p e a t e d  u n t i l n o  a p p r e c i a b l e  
amount of ketone separated from 2 
the distillate. 2 

a 
I s o l a t i o n  of n- Capro ic  8 Acid.-The a l k a l i n e  s o l u t i o n  

from which the ketone had been $ 80 
distilled was acidified with soy0 5 
sulfuric acid, with care not to 
allow the mixture to become 
unduly hot during acidification. 
The caproic acid was then ex- 
tracted with three 100-cc. por- 
tions of ether, the combined ex- 
tracts dried over sodium sulfate 50 
and the ether distilled off on a 20 40 60 80 
steam-bath. The sodium sulfate Percentage yield of caproic acid and methyl 
used for drying the extracts was n-amyl ketone. 
washed with a small portion of Fig. 2.-The effect of temperature on the decom- 
a n h ~  d r o u s  e t h e r  which  w a s  position of ethyl n-butylacetoacetate (KOH concen- 
added to the dried extract. The tration, 59.5 g. per 100 g. of solution). 
crude caproic acid remaining was 
distilled under reduced pressure from a Claisen flask. The fraction boiling from 105 t o  
110" under 16 mm. was collected. No appreciable quantity of ketone was obtained 
during this treatment. 

Discussion of Results 

Figure 1 shows the effect of several concentrations of alkali on the yield of 
ketone and acid. In the six experiments represented by these curves, the 
oil-bath temperature was 105' and twelve moles of potassium hydroxide per 
mole of ester was used. Fifty grams of ester was used in each experiment. 

Appreciable formation of acid took place only in the more concentrated 
solutions. It is interesting to note that increasing the alkali concentration 
from 51 to 59.5 g. of hydroxide per 100 g. of solution caused an increase in 
yield of acid from 30.5 to 57.7%. 

Best yields of ketone were, of course, obtained in the more dilute soh-  
tions. The best yield of ketone obtained here was about 8% higher than 
that mentioned above. 
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Figure 2 shows the effect of temperature on the decomposition. I t  can 
be seen that the temperature of decomposition is not without effect on the 
yield, although the effect is not great. The optimum temperature for acid 
production is about 75'. At this temperature an increase in acid yield 
from 57.7%, the optimum of Fig. 1, to 64.6% was obtained. The experi- 
ments represented by Fig. 2 were carried out using 12 moles of hydroxide 
per mole of ester and a concentration of 59.5 g. of alkali per 100 g. of solu- 
tion. 

Figure 3 represents a series of experiments carried out to determine the 
effect of decreasing the number of moles of hydroxide per mole of ester. 

The temperature of the oil- 
bath was 75' and the initial 

r; 
2 12 

concentration of alkali 59.5 g. 
a, .4.. of hydroxide per 100 g. of 
0 
a, - solution. Little increase in 
0 

8 
yield of acid was obtained by 

l% 

using more than eight moles 

8 of hydroxide per mole of 

W ester, but a decrease below - 4 eight resulted in a very con- 
vl - siderable drop in acid yield 
5 with a simultaneous rise in 

the yield of ketone. 
20 40 60 80 In all of the experiments 

Percentage yield of caproic acid and methyl mentioned above the stirring 
n-amyl ketone. of the reaction mixture was 

Fig. 3.-The effect of excess alkali on the decom- 
position of ethyl n-butylacetoacetate (oil-bath tem- continued for five hours to 
perature, 75'). allow the decomposition of 

ester to proceed to comple- 
tion. It is reasonably certain, however, that this period could be consider- 
ably shortened. One experiment was conducted in which the time of heat- 
ing was one hour; the yield of caproic acid was 55.5%. It seemed to us 
that efficiency of stirring was very important, although no experiments to 
verify this idea were conducted, and it is believed that with very efficient 
stirring one hour would have been sufficient to bring the decomposition to 
completion. 

Summary 

I. The effects of alkali concentration, excess of alkali and temperature 
on the decomposition of ethyl n-butylacetoacetate have been studied. 

2. Formation of caproic acid in satisfactory yield is possible only in very 
concentrated alkali. 
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[CONTRIBUTION FROM THE LABORATORY OF THE TECHNICAL UNIVERSITY OF FINLAND] 

SOME NEW MONOSUBSTITUTION DERIVATIVES OF RETENE 

Introduction and Historical 
Retene is a hydrocarbon derived from pine tar. This compound, 8- 

methyl-2-isopropylphenanthrene, m. p. 9&99O, exhibits many peculiarities 
in its behavior toward ordinary chemical reagents. It is quite stable under 
certain conditions and will frequently react only if brought into solution 
and agitated vigorously. 

Although a number of investigators have studied the effect of various 
reagents upon retene, the preparation of only one crystalline mono-sub- 
stituted product has been reported. This, a monocarboxylic acid, C18H17- 
COOH, m. p. 121-123°, was obtained by Liebermann and Zsuffa2 by the 
action of oxalyl chloride, in the presence of aluminum chloride, on a solution 
of retene in carbon disulfide. Repetition of this experiment from the 
meager description given resulted, in this research, in the formation of a 
well-characterized monocarboxylic acid, which after thorough purification 
and recrystallization melted over 100' higher, 229-231 O. 

Ekstrand3 obtained a yellowish oil analyzing for a monochlororetene, 
C I ~ H I ~ C ~ ,  by the action of chlorine gas on crystalline retene. No other 
monohalogen substitution products of retene have been reported. 

The action of nitric acid on retene has been investigated extensively. 
Concentrated as well as fuming nitric acid readily attacks retene but no 
crystalline nitro derivatives have thus far been obtained. 

The effect of sulfuric acid on retene has been studied by a number of 
investigators. Knauss4 observed that sulfur dioxide was evolved when 
retene was heated with concentrated sulfuric acid above 100". Ap- 
parently, however, no sulfonic acid was formed as no soluble barium salt 
could be isolated. Fritzsche5 was able to isolate the barium salt of a di- 
sulfonic acid, C18H16(S03H)2, obtained by the action of a mixture of con- 
centrated and fuming sulfuric acid on retene. Ekstrand3 was able to 
identify the free disulfonic acid and its chloride. All his attempts to  pre- 
pare a monosulfonic acid, despite the use of the most diverse experimental 
conditions, were fruitless. 

1 Abstracted from a thesis presented by Eric Wahlforss in January, 1924, to the 
Faculty of Philosophy of the University of Helsingfors, Finland, in partial fulfilment 
of the requirements for the degree of Doctor of Philosophy. Acknowledgment is made 
to Dr. L. A. Goldblatt of the University of Pittsburgh in appreciation of the assistance 
rendered in abstracting this paper from the original Swedish thesis, 

Liebermann and Zsuffa, Ber., 44, 857 (1911) 
Ekstrand, Ann., 185, 81 (1877). 
Fehling, ibid.,  106, 391 (1858). 

6 Fritzsche, J. prakt. Chem., 82, 335 (1861). 
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Results and Discussion 
A well-characterized monocarboxylic acid, C ~ ~ H I ~ C O O H ,  m p. 229-23 1 ' 

was prepared by the method of Liebermann and Z s ~ f f a . ~  
The methyl ester of this acid, CI~HI~COOCH~,  m. p. 96-97'? and the 

amide, C18H17CONH2, m. p. 224-226', were prepared. A monocarboxylic 
acid of retenequinone, C18H1502COOH, m. p. above 237') was prepared by 
the action of chromic acid on the monocarboxylic acid dissolved in glacial 
acetic acid. This shows that the carboxyl group does not enter the 9- or 
10-position in retene. 

Attempts to chlorinate retene a t  12Ck130 and 170-180' and to bromi- 
nate retene dissolved in carbon tetrachloride both in the presence and 
absence of iodine resulted in the formation of a great variety of products 
with varying halogen contents but no definite compound could be iso- 
lated. 

A viscous yellowish oil was obtained when retene dissolved in carbon 
tetrachloride was chlorinated with chlorine gas. Analysis indicated the 
formula c18H17C1 for this product. It distilled a t  a constant temperature of 
350-351' a t  atmospheric pressure but a high percentage of the original oil 
resinified. The wide range of boiling point, 195-205O, when this product 
was distilled at 10 mm. pressure would indicate the presence of a mixture. 
The insolubility of this oil in alcohol together with its analysis and its 
behavior when subjected to sulfonation indicated that it was a t  least not a 
mixture of retene and higher chlorinated derivatives. Oxidation of mono- 
chlororetene with chromic acid in acetic acid solution resulted in the 
formation of retenequinone. This indicates that the chlorine substitutes 
in the 9- or 10-position in retene. 

Boiling the chlorinated product with alcoholic potassium hydroxide and 
with quinoline did not split off hydrogen chloride. The chlorine atom 
could not be replaced by iodine by treatment with sodium iodide in acetone 
or glacial acetic acid solution. No crystalline products were obtained 
when the monochlororetene was nitrated or sulfonated. Attempts to 
obtain monohydroxyretene from monochlororetene by Grignard's reaction 
resulted in the formation of traces of oil which were insoluble in water, 
aqueous sodium carbonate and mineral acids but soluble in aqueous sodium 
hydroxide. This oil gave the Liebermann test for phenols. 

Methylretene, which could be considered as a link between retene and 
the resin acids, is of considerable theoretical significance. Attempts to 
prepare this compound from monochlororetene and methyl iodide with 
sodium in absolute ether were, however, unsuccessful. 

Attempts to prepare a crystalline nitro derivative of retene by the action 
of nitric acid on retene dissolved in glacial acetic acid; acetyl nitrate in 
acetic anhydride solution and benzoyl nitrate in carbon tetrachloride 
solution were all unsuccessful. In one case traces of a yellow nitro deriva- 
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tive, 0.01 g., m. p. 154.5-156.s0, were obtainedfrom 5 g. of retene by the 
action of acetyl nitrate in carbon tetrachloride solution. 

Although retene was sulfonated with chlorosulfonic acid in boiling chloro- 
form solution, no pure crystalline monosulfonic acid was obtained in this 
research. Two isomeric monosulfonic acids, C~REII?SO.%H, designated as 
A-retenesulfonic acid and B-retenesulfonic acid, were obtained by adding 
concentrated sulfuric acid to vigorously stirred melted retene. Lower 
temperatures favored the formation of the A-retenesulfonic acid, m. p. 18% 
18g0, and higher temperatures favored the formation of the B-retenesul- 
fonic acid, m. p. 121-123O. 

Attempts to isolate and separate the two monosulfonic acids by means of 
the alkaline earth and lead salts were unsuccessful as, contrary to  the 
general rule for sulfonic acids, these salts are only very slightly soluble in 
hot water. The sodium, potassium and ammonium salts, however, differ 
enough in solubility from the other products formed during sulfonation t o  
permit separation. The salts of the B-retenesulfonic acid are much more 
soluble than the corresponding salts of the A-retenesulfonic acid. The free 
B-retenesulfonic acid was obtained by the action of sulfuric acid on its 
barium salt. A-retenesulfonic acid again was isolated directly from the 
sulfonation mixture. 

The formation of quinones, C18H1602S03H, when both the A-retene- 
sulfonic acid and B-retenesulfonic acid were oxidized with chromic acid in 
acetic acid solution shows that the sulfonic acid group does not enter the 9- 
or SO-position in retene. Alkaline permanganate is decolorized by the 
potassium salts of the retenesulfonic acids but no crystalline oxidation 
products could be isolated. 

A number of metallic salts of both retenesulfonic acids were prepared and 
analyzed. They crystallize with varying amounts of water of crystal- 
lization. Fusion of the ammonium sulfonates with alkali leads to  the 
formation of monohydroxy derivatives. The term retenol is suggested for 
monohydroxyretene, C18H170H, in analogy with the corresponding term 
for monohydroxyphenanthrene. 

The methyl ester, C18H17S03CH3, m. p. 164-166', and A-retenol, 
CI8Hl70H, m. p. 200-202', were obtained in good yields from the am- 
monium salt of A-retenesulfonic acid. The picrate of A-retenol melted 
a t  151-152'. 

A number of derivatives of B-retenesulfonic acid were prepared. The 
chloride, C18H17S02C1, m. p. 146.5-148'; the amide, C I X H I ~ S O ~ N H ~ ,  m. p. 
206-207.5'; the methyl ester, C18H17S03CH3, m. p. 117-119' and the 
potassium salt of the quinone, C1~H1b02S0sK, were obtained in crystalline 
form. B-retenol, Cl8HI70H, m. p. 158.5-l59', was prepared by fusing the 
ammonium salt of B-retenesulfonic acid with potassium hydroxide. I t s  
picrate melted at 145-146O, and its acetyl compound, C18Hi70COCH3, at 
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132-134O. B-retenol when coupled with diazobenzenesulfonic acid 
developed an orange-red color. 

Two attempts to acetylate retene with acetyl chloride in carbon disulfide 
solution in the presence of aluminum chloride gave no positive results. 
These, together with other experiments of a negative nature, are omitted 
from the Experimental Part. 

The following derivatives have been prepared in this investigation 

Melting point, OC. 
A =  B = 

188-189 121-123 
146.5-148 
206-207.5 

164-166 117-119 
200-202 158.5-159 
151-152 145-146 

132-134 

Experimental Part 
The retene used in these experiments was obtained from that fraction of pine tar 

boiling above 300'. After purification it possessed a uniform melting point of 98-99 ". 
Monoch1ororetene.-A solution of 40 g. of retene in 200 g. of carbon tetrachloride 

to  which a trace of iodine had been added was cooled to OO. Chlorine gas was then 
passed through the solution until an increase in weight of 12.2 g. was noted. The 
solution was allowed to stand overnight a t  room temperature and was then washed 
successively with aqueous sodium bisuEte, sodium hydroxide and water. After drying 
with calcium chloride, the solvent was distilled off and the residue was rectified under re- 
duced pressure. In this way 36.5 g. (79.5% yield) of a yellowish oil boiling a t  195- 
205 " (10 mm.) was obtained. 

Anal. (Carius) Calcd. for ClaH17C1: C1, 13.20. Found: C1, 13.13. 

This product is nearly insoluble in alcohol but is soluble in ether and petroleum 
ether. I t  distilled at 350-351 " a t  atmospheric pressure (747.6 mm.) without appreciable 
decompositian but left a considerable residue of tar in the distilling flask. A small 
amount of chlorine-free substance crystallized out on standing. After one recrystalliza- 
tion from alcohol this melted a t  94-97'. Mixed with retene, m. p. 98.5', it  melted a t  
96-97". The distillate was boiled with alcohol to remove any traces of retene. The 
residue, d iO 1.1359, was analyzed for chlorine. 

Anal. Calcd. for ClgH17C1: C1, 13.20. Found: C1, 13.30. 

The results of refluxing this product for twenty-five hours with 33% alcoholic 
potassium hydroxide and for half an hour with quinoline indicated that it was not a 
mixture of retene and retene dichloride. 

Oxidation of Monochlororetene.-A solution of 1.1 g. of monochlororetene in 3.5 g. 
of glacial acetic acid was treated with a solution of 1.9 g. of chromic acid in 10 g. of 
glacial acetic acid. The mixture was refluxed for half an hour. On cooling 0.4 g. 
(37.0% yield) of red chlorine-free needles separated out. The melting point, 190-192°, 
and appearance indicated that this was retenequinone. 



Dec., 1930 SOME NEW DERIVATIVES OF RETENE 5013 

Reteoecarboxylic Acid and Derivatives 

Retenecarboxylic Acid.-To a solution of 10 g. of retene in 75 cc. of freshly purified 
carbon disulfide, cooled to -4O, were added 23.4 g. of oxalyl chloride and 5 g. of finely 
pulverized aluminum chloride. After three hours an additional 75 cc. of carbon disul- 
fide and 10 g. of aluminum chloride were added. The mixture was then left a t  room 
temperature. When after two weeks no more hydrogen chloride was evolved, the car- 
bon disulfide was filtered off and the residue extracted with ether. The  solvent was 
distilled and the residue boiled with aqneous sodium carbonate. The sodium salt of the  
carboxylic acid separated out from the solution; yield, 4.4 g. (31.6%). The  free car- 
boxylic acid was obtained by boiling the aqueous solution of the sodium salt with very 
dilute hydrochloric acid. After three crystallizations from benzene the  acid melted a t  
229-231 ". The acid is difficultly soluble in ether, more easily soluble in  boiling ben- 
zene. It was titrated in alcohol solution with N/10 potassium hydroxide: calcd. for 
0.1130 g. CI8H,7COOH: 4.06 cc.; found: 3.95 cc. 

Sodium Salt.-This salt was prepared by neutralizing an alcohol solution of the 
free acid with N/10 aqueous sodium hydroxide. 

The alcohol was distilled off and the salt recrystallized from water. The shining 
silver scales thus obtained were difficultly soluble in cold water but  more easily soluble 
in hot water. They contain five molecules of water of crystallization. all of which are 
entirely lost below 136". After drying the salt was analyzed. 

Anal. Calcd. for C18H17COONa: Na, 7.66. Found: Na, 7.50. 

Methyl Ester.-This compound was prepared by refluxing the sodium salt with 
dimethyl sulfate for fi

v

e minutes. After reaystallization from alcohol a 51.7y0 yield 
of fine, slightly yellow scales, m. p. 96-97O, was obtained. 

Anal. Calcd for CtoHzoOa: C, 82.15; H, 6.90. Found: C, 81.70; H ,  6.75. 

Amide.-This compound was prepared from the acid chloride. A mixture of 0.24 
g. of retenecarboxylic acid, 1 g. of phosphorus oxychloride and 0.5 g.  of phosphorus 
pentachloride was heated on a water-bath for ten minutes. The resulting mixture was 
cooled and poured into ice water. The undissolved parc was filtered off, washed, dried 
in a desiccator and extracted with ether. The ether extract was washed with water, 
and the ether evaporated, leaving the solid acid chloride; yield, 0.14 g. ( f ~ 4 . 7 7 ~ ) .  It was 
dissolved in benzene and shaken with concentrated ammonium hydroxide. The pre- 
cipitated amide was filtered off and recrystallized from benzene, m. p. 224-226 ". 

Retenequinonecarboxylic Acid.-To a solution of 0 2 g. of the dried sodium salt in 
1 g. of glacial acetic acid was added in small portions a solution of 0.38 g .  of chromic acid 
in 3.5 g. of glacial acetic acid. The mixture was refluxed for twenty minutes. On 
cooling the retenequinonecarboxylic acid separated out in long needles; yield, 0.13 g. 
(63.4%). This substance was boiled with hydrochloric acid and recrystallized from 
glacial acetic acid; m. p. 237-240". Owing to the dark red color of the acid it was 
difficult to  determine the melting point. When dried for two days over sulfuric acid 
no loss in weight was observed. The acid was slightly soluble in water and ether, some- 
what more soluble in alcohol. I t  was titrated in very dilute alcohol solution with 
N/100 potassium hydroxide: calcd. for 0.0423 g. of C ~ ~ H I ~ O ~ C O O H :  13.7 CC.; found: 
13.0 cc. 

Monosulfonic Acids and Derivatives 

A-Retenesulfonic Acid.-To 10 g. of retene heated on a n  oil-bath t o  99" was added 
10 g. of sulfuric acid (sp. gr. 1 84).  The acid was a t  room temperature and was added 
slowly, with vigorous stirring, to  the melted retene. The sulfonation was completed in 
five minutes, as was indicated by complete solution of a sample in hot water. The  
sulfonation mixture was poured into 200 g. of hot water. allowed to cool t o  about 70" 
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and filtered. After some time a gelatinous mass formed and this was filtered off. The 
residue was washed first with very dilute sulfuric acid and then with cold water. After 
drying in a desiccator it was extracted with ether and the residue recrystallized from 
glacial acetic acid. This gave well-developed scales melting at  188-189'. The acid 
was titrated in alcohol solution with N/10 sodium hydroxide: calcd. for 0.1530 g. of 
C ~ ~ H I T S O ~ H :  4.87 cc.; found: 4.75 cc. 

Ammonium Salt.-The sulfonation mixture, prepared as above, was poured into 
300 g. of hot water, cooled and extracted with ether. The aqueous solution was reheated 
and concentrated ammonium hydroxide was added. The thick precipitate of am- 
monium A-retenesulfonate which thus formed was filtered off, washed with water and 
dried a t  135'; yield, 3.85 g. (28.4%). 

Methyl Ester.-This compound was prepared by refluxing potassium A-retene- 
sulfonate with dimethyl sulfate. This salt had been obtained by neutralizing an alcohol 
solution of the free acid with potassium hydroxide. An 88.2% yield was obtained. The 
thin small scales of the methyl ester after recrystallization from methyl alcohol melted 
a t  164-166'. 

Anal. Calcd. for Cl9Hz&Os: C, 69.46; H, 6.14. Found: C, 69.33; H, 6.02. 

Potassium A-Retenequinonesu1fonate.-To a solution of 0.9 g. of A-retenesulfonic 
acid in 25 g. of glacial acetic acid was added in small portions a solution of 0.9 g. of 
chromic acid in glacial acetic acid. The solution was refluxed for half an hour and al- 
lowed to cool. As nothing crystallized out, it was evaporated to 10 cc. and again 
cooled. As precipitation still did not take place the solution was heated and a slight 
excess of potassium hydroxide was added. On cooling a red substance precipitated. 
This was washed with cold water and dried in a desiccator; yield, 0.5 g. (45.7%). 
This product, potassium A-retenequinonesulfonate, was easily soluble in hot water. 

Anal. Calcd. for ClsHlEOrSK: K, 10.23. Found: K, 9.99. 

A-Reteno1.-To 10 g. of potassium hydroxide and a few drops of water, heated in a 
nickel crucible to 220°, was added slowly 1 g. of ammonium A-retenesulfonate. The 
temperature was then increased to 270' and the fused potassium compound of A- 
retenol floated to the top. Not more than fifteen minutes should elapse from the time 
of the first addition of the salt. The entire mixture was then poured on to a copper 
plate, allowed to cool and dissolved in 1000 cc. of hot water. 

The solution was filtered through a warm water filter and the phenol was precipi- 
tated with dilute sulfuric acid. After carefully decanting the supernatant liquid, the 
precipitated A-retenol could readily be filtered. It was washed thoroughly with water 
and with dilute aqueous sodium carbonate, dried in a desiccator and extracted with 
ether. The ether solution was thoroughly washed with water and aqueous sodium 
carbonate. The ether extract gave 0.4 g. of solid phenol (53.0% yield). Fine yellowish 
needles melting at 200-202" were obtained after three crystallizations from xylene. 
A-retenol is easily soluble in ether, boiling benzene and xylene, soluble in warm alkali 
and alcohol, but insoluble in aqueous sodium carbonate and sodium bisulfite. The 
picrate of A-retenol was obtained by mixing equivalent quantities of alcohol solutions of 
the components. The ruby red needles of this compound melted a t  151-152'. A- 
retenol gave a positive Liebermann test for phenols. Ferric chloride imparted a 
slightly green color to an alcohol solution of the phenol. 

Anal. Calcd. for ClsH180: C, 86.35; H, 7.25. Found: C ,  86.13; H. 7.22. 

B-Retenesulfonic Acid.-To 10 g. of retene heated on an oil-bath to 200° was added 
10 g. of sulfuric acid (sp. gr. 1.84). The acid was a t  room temperature and was added 
slowly with vigorous stirring. The sulfonation was completed in two minutes. The 
product was poured into 300 g. of hot water. The solution was boiled and an excess of 
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concentrated ammonium hydroxide was added. I t  was cooled, allowed to stand for 
twenty-four hours and filtered. The precipitated ammonium salt was washed with cold 
water and dried; yield, 5.0 g. (35.4%). The salt was redissolved in hot water and boiled 
with aqueous sodium hydroxide. An excess of barium chloride was added to  the solution 
of the sodium salt, made slightly acid with hydrochloric acid, and the barium salt was 
filtered off and washed thoroughly. After treatment with the calculated amount of 
sulfuric acid, the free B-retenesnlfonic acid was obtained in the form of colorless scales. 
These, when dried for two weeks in a desiccator, melted a t  321-723O. The acid was 
titrated with N/10 potassium hydroxide: calcd. for 0.1154 g. of CI8Hl7SO3H: 3.67 cc.; 
found: 3.65 cc. 

Salts.-A number of salts of B-retenesulfonic acid were prepared and analyzed. 
Ammonium Salt.-Prepared from the free acid, rn. p. 127-123", and ammonium 

hydroxide. Solubility: 0.1082 g. of salt in 100 g. water at  17'; more soluble a t  100'. 
The salt, which crystallized without water of crystallization, was dried a t  150" and 
analyzed. Calcd for CISH~~SO~N: C, 65.21; H, 6.39; S, 9.68; N, 4.23; found: 
C, 65.09; H, 6.34; S (Carius), 9.60; N (Kjeldahl), 4.11. 

Sodium Salt.-Prepared from the free acid and aqueous .;odium hydroxide. Crys- 
tallized from water in white scales, which, air dried, contained three molecules of water. 
Two molecules were lost at  110' and the third at  150". Solubility: 0.0726 g. of the 
anhydrous salt in 100 g. of water at  17'; more soluble at 100". The salt was dried a t  
150' and analyzed. Calcd. for C18H17SO8Na: Na, 6.84; found: Na, 6.96. 

Potassium Salt.-Prepared from the free acid and aqueous potassium hydroxide. 
Crystallized from water as crystalline powder without water of crystallization. Solu- 
bility: 0.0824 g. of salt in 100 g. of water at  17"; only slightly more soluble a t  100°. 
The salt was dried a t  150' and analyzed. Calcd. for C18H~7SO~K: K, 11.10; found: 
K, 11.00. 

Barium Salt.-Prepared from the sodium salt and barium chloride. Precipitated 
as a crystalline powder which, air dried, contained two molecules of water; both were 
lost when dried over sulfuric acid. Solubility: 0 0848 g. of anhydrous salt in 100 g. of 
water a t  17'; sparingly soluble at 100". The salt was analyzed. Calcd. for (ClsH17- 
SO&Ba: Ba, 17.99; found: Ba, 17.70. 

Strontium Salt.-Prepared from the sodium salt and strontium chloride. Precipi- 
tated as a crystalline powder, which, air dried, contained four molecules of water; 
all four molecules were lost when dried over sulfuric acid. Solubility: 0.1016 g. of 
anhydrous salt in 100 g. of water a t  17'; sparingly soluble a t  100°. The salt was 
anzlyzed. Calcd. for (C18H,7SOa)2Sr: Sr, 12.27; found: Sr, 12.28. 

Calcium Salt.-Prepared from the sodium salt and caIcium chloride. Precipitated 
as a crystalline powder, which, air dried, contained four molecules of water; all four 
molecules were lost when dried over sulfuric acid. Solubility: 0.1166 g.  of anhydrous 
salt in 100 g. of water at  17"; sparingly soluble at  100'. The salt was analyzed. Calcd. 
for (Cl8H1$3O$)zCa: Ca, 6.01 ; found: Ca, 6.00. 

Copper Salt.-Prepared from the free acid and copper carbonate. Crystallized as 
light green scales, which, air dried, contained five molecules of water: all five molecules 
were lost below 150". Solubility: 0.1572 g. of anhydrous salt in 100 g. of water a t  17O; 
more soluble a t  100°. The salt was analyzed. Calcd. for (C1sH17SOs)nCu: Cu, 9.21; 
found (CuO): Cu, 8.91. 

Chloride.-Prepared from potassium B-retenesulfonate in a manner similar to that 
described for the chloride used in the preparation of retenecarboxylic acid amide; 
yield, 68.8%. Recrystallization from benzene gave colorless prisms, m. p. 146.5-148'. 

Anal. (Carius) Calcd. for CtsH17S02C1: C1, 10.66; S, 9.64. Found: C1, 10.55; 
S. 9.79. 
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Amide.-Prepared from the chloride of B-retenesulfonic acid and ammonium 
hydroxide; yield, 31.9%; colorless scales, m. p. 206-207.5". 

Anal. Calcd. for C18HlgSOzN: N, 4.47. Found: N, 4.16. 

Methyl Ester.-Prepared from ammonium B-retenesulfonate and dimethyl sulfate; 
yield, 73.8%. Recrystallization from methyl alcohol gave colorless needles, m. p. 
117-119 ", 

Anal. Calcd. for C ~ ~ H ~ O S O ~ :  C, 69.46; H, 6.14. Found: C ,  69.39; H, 6.02, 

Potassium B-Retenequinonesu1fonate.-To a solution of 2 g. of potassium B- 
retenesulfonate in 10 g. of glacial acetic acid was added, in small portions, a cold solution 
of 3.8 g. of chromic acid in 35 g. of glacial acetic acid. The solution was refluxed for 
about half an hour and on cooling 1.2 g. (55.3% yield) of orange colored scales crys- 
tallized out. This product, potassium B-retenequinonesulfonate, was easily soluble in 
hot water. 

Anal. Calcd. for C18H1606SK: K, 10.23. Found: K, 10.01. 

B-Reteno1.-1 rcpared from ammonium B-retenesulfonate by the method used for 
A-retenol. The temperature, however, was not allowed to exceed 240"; yield, 66.37%. 
Recrystallization from xylene gave slighly yellowish scales, m. p. 158.5-159". B- 
retenol is easily soluble in ether, alcohol, benzene and nitrobenzene; soluble in aqueous 
sodium hydroxide, but insoluble in sodium carbonate and sodium bisulfite. The 
picrate of B-retenol, small orange-red scales, melted a t  145-146". B-retenol gave a 
positive Liebermann test for phenols. Ferric chloride imparted a green color to an al- 
cohol solution of the phenol. 

Anal. Calcd for C18H,,0: C, 86.35; H, 7.25. Found: C, 86.14; H, 7.26. 

Acetyl-B-reteno1.-Prepared from B-retenol, alkali and acetic anhydride. Re- 
crystallization from alcohol gave fern-like crystals, m. p. 132-134'. 

Anal. Calcd. for C ~ O H ~ ~ O ~ :  C, 82.15; H, 6.90. Found: C, 82.09: H. 7.00. 

B-Retenol Sodium Azobenzenesu1fonate.-B-retenol readily coupled with diazo 
benzenesulfonic acid, giving a red dye which dyed, wool and silk cherry-red. 

Summary 

Only two mono-substituted derivatives prepared from retene have been 
reported previously in the literature: monochlororetene and a mono- 
carboxylic acid, m. p. 121-123'. The preparation of mono-substituted 
products of retene has been the object of this investigation. 

Sulfonation gave two well-defined monosulfonic acids. They were iso- 
lated by means of the ammonium or sodium salt. These were used in the 
preparation of a number of derivatives; the most interesting was the mono- 
hydroxy derivative, retenol. Only one retenol coupled with diazo com- 
pounds. An attempt to determine the position of the sulfonic acid group 
by oxidation with chromic acid resulted in the formation of retenequinone- 
sulfonic acid, showing that this group did not enter the 9- or 10-position in 
retene. Chlorination of retene resulted in an oil, monochlororetene, the 
individuality of which was not definitely established. Oxidation of this 
product with chromic acid gave retenequinone. Action of oxalyl chloride 
on retene resulted in the formation of a monocarboxylic acid, m. p. 229- 
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231'. A few derivatives were prepared. Oxidation with chromic acid 
gave retenequinonecarboxylic acid. 

HAMMERMILL PAPER COMPANY 

ERIE, PENNSYLVANIA 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY O F  IOWA STATE COLLEGE] 

THE FORMATION OF A COMPLEX MIXTURE OF MANY RMgX 
COMPOUNDS FROM THE REACTION BETWEEN A SIMPLE 

RX COMPOUND AND MAGNESIUM 

Introduction 
The simplest expressions for the reaction between an RX compound and 

magnesium in ether are the following 
RX + Mg + RMgX (1) 

2RX + Mg + R.R + MgXa (11) 
Reaction I1 is the chief side reaction in the preparation of Grignard re- 
agents, and the extent of this reaction varies markedly with the nature of 
the RX compound, the relative proportions of reactants and experimental 
conditions.' The hydrocarbon (or their equivalent) by-products are not 
pure R.R compounds, but may contain R(+H) and R(-H) compounds2 

as well as R-R compounds having R-groups unlike those contained in the 
original RX c~mpound.~ 

Furthermore, Reaction I gives an incomplete picture of the more im- 
portant compounds contained in Grignard solutions inasmuch as these 
reagents are involved in the following equilibria4 

2RMgX RzMg + MgXz (111) 
RMgX a R- + -MgX (Iv)  

In short, a Grignard reagent is not simply an RMgX compound, but a 
mixture of RMgX, R2Mg, MgX2, R- and -MgX6 in a series of equilibria 

Gilman, Zoellner and Dickey, THIS JOURNAL, 51, 1576, 1583 (1929); Gilman 
and McGlumphy, Bull. soc. chim., 43,1322 (1928); Gilman and Zoellner, THIS JOURNAL, 
52, 3984 (1930). 

Gilman and Fothergill, ibid., 50, 3334 (1928). 
a Gilman and Kirby, ibid., 51, 1571 (1929). 
4 Gilman and Fothergill, ibid., 51, 3149 (1929) ; Gilman and Zoellner, ibid., 52, 

3984 (1930). These articles contain leading references to other work. For recent related 
studies see Gomberg and Bachmann, iW., 52, 2455 (1930); Bachmann, ibid., 52, 3287 
(1930). 

6 Gilman and Brown, ibid., 52,1128 (1930). This article contains leading references 
to the chemistry of the interesting magnesious halides or the binary systems (MgX2 + 
Mg) of Gomberg and co-workers. Better reviews of these systems are to be had in the 
chapters entitled "Metallo-Organic Compounds," in Vol. I11 (1927-1928) and Vol. IV 
(1928-1929) of the Annual Survey of American Chemistry, published for the National 
Research Council by the Chemical Catalog Co. of New York. 
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with only additional experiments to determine the extent of the equilibrium 
in Reaction I11 and the degree of dissociation illustrated by Reaction IV. 

When the halide used to prepare the Grignard reagent contains two or 
more halogens which are reactive toward magnesium, then it is theoreti- 
cally possible to have an infinite number of Grignard reagents. This6 

development has been illustrated with the relatively simple p-dibromo- 
benzene, BrC6H4Br. Obviously, with an infinite number of organo- 
magnesium halides derivable from a simple dihalogen compound, there is 
also present an infinite number of equilibria and dissociation reactions 
(111 and IV). 

This very complex state of affairs is apparently not restricted to organo- 
magnesium halides prepared from a polyhalogen compound. It now ap- 
pears that the reaction of a simple RX compound, having but one halogen, 
can give rise to a very complex mixture of RMgX compounds. The 
explanation for such mixtures almost certainly lies with the initial and 
intermediate formation of free radicals. If we select the reaction between 
bromobenzene and magnesium as a type, we have the following general 
representation7 

e r  + ~ g - +  <->- + --MgBr (v)  a- + -MgBr + c _ > - M g ~ r  (VI) 

(VII) 

r7 2, - - + -2- + c613, (VIII) 

- + - -  + -MgBr + - 0 M g ~ r  (IX) 

That is, the first8 step in the reaction between an RX compound and 
magnesium is the formation of free radicals. These radicals may unite 
(Reaction VI) to give the RMgX compound; or the R-groups may unite to 
give the coupling (R.R) compound (Reaction VII); or the radical may 
disproportionate to give new free radicals, like the p-phenylene radical in 
Reaction VIII; and the radicals (mono or polyvalent) may combine with 
each other and with the -MgX (or its equivalent, MgX2 + Mg) or with 
magnesium to give a miscellany of Grignard reagents. 

Gilman, Beaber and Jones, Rec. trav. chim., 48, 597 (1929). 
Gomberg and Bachmann, THIS JOURNAL, 49, 236 (1927); Gilman and Zoellner 

zbid., 52, 3984 (1930), and, particularly, Bachmann and Clarke, zbid., 49,2089 (1927), 
for a n  excellent theoretical and experimental development of the mechanism of the 
Wurtz-Fittig reaction. 

We are omitting here the probable prior formation of oxonium compounds with 
ether and the several possible coordination formations involving each of the participating 
elements [Gilman and Fothergill, ib id ,  51, 3149 (1929)l. See, also, Gilman and 
Zoellner, ibid., 52, 3984 (1930), and Gilman and Brown, zbid., 52, 5045 (1930), for that 
interpretation involving combination of free radicals with magnesium. 
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We have illustrated the formation of but one RMgX compound other 
than phenylmagnesium bromide: namely, p-biphenylmagnesium bromide 
(Reaction IX). This has been done advisedly because we now have experi- 
mental evidence for the formation of p-phenylbenzoic acid, p-CsH6CsH4- 
COOH, when carbon dioxide is passed into a Grignard reagent (or reagents) 
prepared from bromobenzene and magnesium. 

There is no reason, a priori, for confining consideration to the reactions 
(V) to (IX) as we have done. For example, it appears altogether probable 
that two phenyl radicals might disproportionate to give not only p-phenyl- 
ene (Reaction VIII), but also a lesser quantity of o-~henylene.~ Further- 
more, multiples of these phenylene radicals might unite with a phenyl 
radical and -MgBr (Reaction IX) to give C~H~(CF,H~),M~B~.~ Many 
other combinations are possible, such as the union of a phenylene radical 
with two -MgBr groups to give BrMgCeHaMgBr. 

The theoretical possibilities of even more complex mixtures are patent 
with the use of halides like the mono-bromotoluenes or benzyl chloride, 
inasmuch as we have here the opportunity of free radicals formed from the 
side chain as well as from the nucleus. Finally, we are unaware of any valid 
objection to a like condition with alkylmagnesium halides. A good case 
has been made for the short life of alkyl radicals,1° and their disproportion- 
a t i ~ n , ~  as well as for the disproportionation and rearrangements of arylalkyl 
radicals such as b e n ~ y l . ~  If we grant the possibility of an alkyl radical to  
disproportionate to an alkylenell radical by analogy with Reaction VIII, 
and to rearrange to a different free radical, then there exists the same op- 
portunity for the formation of a complex mixture of Grignard reagents from 
a simple mono-halogen12 alkyl halide. 

The above development has a theoretical reasonableness and part of it, 
as mentioned, has found experimental conha t ion .  Fortunately, the 
extent of these many possible side reactions leading to the formation of 
complex mixtures of RMgX compounds is strictly limited because of 
preferential reactions. If a so-called single Grignard reagent is in reality 
very slightly contaminated with many other RMgX compounds, then the 
products obtained from them and reactants are also approximately of a like 

Actually, the residues which yielded p-phenylbenzoic acid contained highly com- 
plex, intractable materials which so far have resisted purification, primarily because of 
the small quantities of starting materials used. 

lo Paneth and Hofeditz, Ber., 62B, 1335 (1929). 
11 The general evidence for alkylene (or bivalent) radicals is a t  present hardly as 

convincing as that for alkyl (or trivalent) radicals and although there is essentially no 
experimental evidence for monovalent carbon radicals, one can conceive of an alkylene 
group acting as a donor of hydrogen in its disproportionation reactions. 

12 With polyhalogen-alkyl compounds there is, of course, the same opportunity for 
an infinite number of Grignard reagents that is present in the case of p-dibrornobenzene 
(see Ref. 6 of this paper). 
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degree of impurity. One important conclusion to be drawn from the 
several studies is that the world of organic chemicals is relatively "impure." 
This is hardly a situation peculiar to organomagnesium compounds2 because 
i t  is altogether likely that most reactions of organic chemistry are accom- 
panied by side reactions which give rise to slight impurities. Ordinarily 
these trivial side reactions deserve no consideration and get no considera- 
tion partly because the extent of impurities appears to be of no apparent 
consequence13 and partly because we are blissfully ignorant of the impurities 
for the reason that our present analytical procedures do not reveal them.14 

Discussion of Results 
The isolation of 9-phenylbenzoic acid came as a result of studies on the 

purported addition of RMgX compounds to an ethylenic linkage. In  order 
to determine whether phenylmagnesium bromide might add to 1,l-di- 
phenylethylene, (CGHS)~C==CH~, in solvents other than ether, the react- 
ants were heated, and then the mixture was carbonated. If no addition 
took place, then benzoic acid alone should result: However, if some addi- 
tion occurred a new Grignard reagent would result and this on carbonation 
would reveal itself by affecting the melting point and neutralization equiva- 
lent of the benzoic acid formed from the excess of phenylmagnesium 
bromide.16 The acid obtained from this reaction was impure, and in order 
to identify the acidic impurity the benzoic acid was carefully removed, 
leaving a small quantity of p-phenylbenzoic acid. 

The p-phenylbenzoic acid was also obtained in a like very small quantity 
when no diphenylethylene was present. There is a possibility that the fi- 
phenylbenzoic acid, or the p-biphenylmagnesium bromide from which it 
was formed, came from impurities in the bromobenzene. The following 
reactions illustrate one of several possible methods for its formation. 

la  We say "no apparent consequence" advisedly, because there is always the irrit- 
able or pleasant phenomenon of catalysis due to small impurities to plague or to delight 
us depending on one's point of view. 

l4 We are confident that other Grignard reagents postulated as being formed it1 
small quantities will be characterized in large-sized runs. In this connection see Foot- 
note 10 of Ref. 3 of this paper on the special contributions to be made to such problems 
by manufacturers and dealers in research chemicals. 

l5 Leading references to the application of this and other devices to establish the 
non-addition of RMgX compounds to an ethylenic linkage may be traced from an 
article by Gilman and Schulz, THIS JOURNAL, 52,3588 (1930). 
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Reaction X is plausible because small quantities of fi-dibromobenzene 
might be present in supposedly pure bromobenzene, and if so it would 
readily react with magnesium to give the mono-Grignard reagent.= How- 
ever, Reactions XI and XI1 are less reasonable because they take place 
with uncommon difficulty and to a limited extent.l6 The bromobenzene 
used by us was highly purified. Not content with this, we prepared some 
bromobenzene by a reaction other than that used technically (the bromi- 
nation of benzene): namely, a Sandmeyer reaction starting with freshly 
distilled and pure aniline. We do not say that no p-dibromobenzene is 
formed in such a reaction, but it does appear to be distinctly superior to the 
reaction of direct bromination and should yield a bromobenzene as pure 
and as free of dibromobenzene as that obtained by any reaction. This 
bromobenzene also yielded p-phenylbenzoic acid. 

There is another possible explanation for the p-biphenylmagnesium 
bromide and this is illustrated by the reactions 

2 D r  + M g - W  C M ~ B ~ ~  (XIV) 

OC) -+ 0 M g ~ r  -+ =Mg~r + CsHa 

(XV> 
The diphenyl of Reaction XIV is always formed to a small extent1' in the 
preparation of phenylmagnesium bromide, and Reaction XV has been 
postulated in an interpretation of the Wurtz reaction using sodium.18 
However, the metathesis pictured in Reaction (XV) has been shown not to 
apply with Grignard reagents, even at elevated  temperature^.'^ To further 
test the unlikelihood of this reaction, the phenylmagnesium bromide was 
prepared and heated in the presence of a large quantity of diphenyl, but 
there was no increase in the yield of p-phenylbenzoic acid on subsequent 
carbonation. 

No p-phenylbenzoic acid was isolated from a 0.5 mole preparation of 
phenylmagnesium bromide in ether. Very likely the preparation of this 
Grignard reagent at  more elevated temperatures, with no ether, and with an 
uncommonly large initial excess of bromobenzene gives a higher con- 
centration of phenyl radicals. 

16 This applies to reactions in ether and not to those in the absence of ether and 
in the presence of an excess of hot bromobenzene, the condition of our experiments 
The diGrmlty mentioned here is even greater when chlorobenzene is used because of its 
distinctly lesser activity than bromobenzene to magnesium. Notwithstanding this, 
we did get a small quantity of p-phenylbenzoic acid from the preparation of phenyi- 
magnesium chloride in the absence of ether. 

17 The extent of this side reaction can be markedly decreased with the use of an 
excess of magnesium; see Giman and Fothergill, Iowa State Coll. J. of Science, 4, 351 
(1930). 

18 Bachmann and Clarke, Tms JOURNAL, 49,2089 (1927). 
19 Gilman and Leermakers, Rec. trav. chim. 48, 577 (1929); see also, Oilman and 

Leermakers, ibid., 49, 208, 532 (1930). 
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Phenylmagnesium chloride prepared in the absence of ether also gave 
some p-phenylbenzoic acid.20 

Experimental Part 
In  a typical preparation, 470.7 g. (3.0 moles) of bromobenzene was refluxed with 

6.1 g. (0.25 atom) of magnesium and a crystal of iodine for one hour in a flask provided 
with a trapz1 to exclude air. The mixture was cooled and then carbonated. A positive 
color testz2 for Grignard reagent was obtained even after an eighteen-hour passage of 
carbon dioxide. The weight of crude benzoic acid was 10.05 g. or 32.93%, and it melted 
a t  104-106". Purification by crystallization from hot water gave benzoic acid melting 
a t  122" and a dark brown oily residue which was essentially insoluble in water. This 
residue on crystallization from benzene gave 0.15 g. of p-phenylbenzoic acid. The p- 
phenylbenzoic acid was converted to its methyl ester and the identity of both the acid 
and the ester was confirmed by respective mixed melting point determinations with 
authentic specimens. Wherever elsewhere p-phenylbenzoic acid was isolated it was 
identified by a mixed melting point determination. 

In order to test the validity of Reaction XV, 50 g. (0.32 mole) of diphenyl was 
added to 470.7 g. (3 moles) of bromobenzene and 6.1 g. (0.25 atom) of magnesium. 
After refluxing the mixture for twelve hours it was cooled to 0" and then carbonated for 
twelve hours. The viscous violet colored mixture gave a negative test for Grignard 
reagent.22 The products recovered were a few crystals (not weighed) of p-phenylbenzoic 
acid, 4.23 g. of benzoic acid and 43.6 g. or 87.2% of the diphenyl. 

Using the same proportions of reactants (but omitting the diphenyl) the yield of 
p-phenylbenzoic acid was 0.02 g. In this experiment the bromobenzene was that pre- 
pared from aniline.23 

Phenylmagnesium bromide (0.3 mole) was prepared in a sealed tubez4 by heating 
for one hour a t  150°, extracted by ether and then carb~nated.~s The yield of p-phenyl- 
benzoic acid was 0.6 g. In this method of preparation the reaction between bromo- 
benzene and magnesium is unusually rapid, and actually appears to proceed of itself on 
the local application of heat. The preparation in an open flask (in the absence of ether) 
goes much more slowly and so may give rise to a lower concentration of phenyl radicals. 

Phenylmagnesium chloride was prepared20 in a like manner from 21.8 g. (0.25 mole) 
of chlorobenzene and 7.3 g. (0.3 atom) of chlorobenzene, transferred to a flask containing 
337.5 g. (3.0 moles) of chlorobenzene, refluxed for thirty minutes and then cooled and 
carbonated. The yield of crude benzoic acid melting a t  104-105" was 9.26 g. (30.35%), 
and from this was isolated a very small quantity of p-phenylbenzoic acid. It is in- 
teresting to note that phenylmagnesium chloride in chlorobenzene is carbonated more 
rapidly than is phenylmagnesium bromide in bromobenzene. 

Summary 
The carbonation of phenylmagnesium bromide and of phenylmagnesium 

20 I t  has been suggested that it would be interesting to know how iodobenzene and 
magnesium behave in this reaction, With sodium and chlorobenzene (see Ref. 18 of 
this paper), there is formed a relatively large quantity of o-phenylene radicals. 

21 Gilman and Hewlett, Rec. trav. chim. 48, 1124 (1929). 
22 Gilman and Schulze, THIS JOURNAL, 47,2002 (1925). 
2a This bromobenzene was synthesized by Catherine Vinton. 
24 See, Gilman and Brown, THIS JOURNAL, 52,3330 (1930), for a description of this 

method for the preparation of some Grignard reagents. 
26 This experiment was carried out by K. E. Marple. 
28 By R. E. Brown. 
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chloride, each prepared in the absence of ether, gave in addition to  benzoic 
acid very small quantities of p-phenylbenzoic acid, CJ35CeH4COOW. 
The foriklation of the latter acid is almost certainly due to free phenyl 
radicals initially developed in the preparation of the CeHsMgX. 

Attention is directed to the theoretical, and in some cases practical, 
formation of a large and complex variety of Grignard reagents starting with 
a single and simple RX compound. Although the degree of these side 
reactions is fortunately very limited and in most cases insignificant, it 
emphasizes the difficulty or impossibility of preparing absolutely pure 
compounds. This difficulty is undoubtedly not confined to  organo- 
magnesium compounds. 

AMES, IOWA 

THE CHEMISTRY OF THE LIPOIDS OF TUBERCLE BACILLI. 
XXI. THE POLYSACCHARIDE OCCURRING IN THE 

PHOSPHATIDE FROM THE HUMAN TUBERCLE BACILLI' 

Introduction 
Previous investigations in this Laboratory of the water-soluble con- 

stituents which are obtained on hydrolyzing the phosphatide A-3 from 
the human tubercle bacillus have shown that mannosej3 inosite4 and some 
other reducing sugar, probably invert sugar,5 are present in about equal 
amounts in the aqueous solution. The phosphatide fractions isolated 
from the avian and bovine tubercle bacilli also yielded mannose and 
inosite on hydr~lysis.~ 

In  all of these cases prolonged boiling of the phosphatides with dilute 
acid was necessary before reducing sugars appeared in the solution. It 
seemed evident, therefore, that the various sugars which were liberated 
on complete hydrolysis existed in the original phosphatide molecules in 
firm chemical combination; possibly sugar complexes or polysaccharides 

The present report is a part of a coijperative investigation on tuberculosis and it 
has been supported partly by funds provided by the Research Committee of the Na- 
tional Tuberculosis Association. (An abstract of this paper was read before the Di- 
vision of Medicinal Chemistry, a t  the meeting of the American Chemical Society, Cin- 
cinnati, Ohio, September, 1930.) 

Holder of a National Tuberculosis Association Fellowship a t  Yale University 
1929-1930. 

Anderson and Renfrew, THIS JOURNAL, 52, 1252 (1930). 
Anderson, ibid., 52, 1607 (1930). 
Anderson, Roberts, and Renfrew, Proc. Soc. Exptl. Biol. Med., 27, 387 (1930). 

6 Unpublished data. 
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might be present with which the fatty acids were combined in the form 
of esters. 

We were naturally interested in discovering some evidence of the ex- 
istence of complex carbohydrates or polysaccharides in the bacillary 
phosphatides but for a long time we had to be content with the identifica- 
tion of the simple sugars which appeared as cleavage products after hy- 
drolysis. It was difficult to discover a method by which a partial hy- 
drolysis of the phosphatide could be effected without a t  the same time 
disrupting the carbohydrate groups. 

In  the analysis of the so-called purified tubercle bacilli wax7 we found 
when this substance was saponified with dilute alcoholic potassium hy- 
droxide that an alcohol-insoluble carbohydrzte complex was obtained, 
while when the wax was hydrolyzed by boiling with acid-alcohol reducing 
sugars appeared in addition to fatty acids and so-called unsaponifiable 
wax. Further studies which have not yet been published on the water- 
soluble cleavage products obtained from the purified wax and from the 
bovine phosphatide made it seem probable that the polysaccharides or 
carbohydrate complexes that were present were very stable since only 
partial hydrolysis could be effected by means of acid-alcohol treatment. 

A study has now been made of the cleavage products which are formed 
when the phosphatide A-3 derived from the human tubercle bacillus is 
boiled with dilute alcoholic potassium hydroxide. The results obtained 
were very interesting and entirely unexpected. The phosphatide is in- 
soluble in alcohol but when it is boiled with dilute alcoholic potassium 
hydroxide the material gradually disintegrates, giving a soap solution of 
the fatty acids and leaving an amorphous mass of insoluble matter on the 
bottom of the flask, The latter is easily soluble in water and consists 
of two components: (a) the potassium salt of an organic phosphoric acid 
and (b) a neutral carbohydrate. The two products can be separated 
by dissolving the mixture in water and adding a solution of neutral lead 
acetate, when the organic phosphoric acid is precipitated as an insoluble 
lead salt, leaving the carbohydrate in solution. The carbohydrate is 
precipitated by alcohol as a gummy mass from the aqueous solution after 
the lead has been removed. The product can be converted into a snow 
white amorphous powder by pouring its aqueous solution with stirring 
into absolute alcohol. The substance does not reduce Fehling's solution 
but after it has been boiled with dilute acid reducing sugar is liberated 
and after complete hydrolysis it yields about equal parts of mannose and 
inosite. 

The nature of the new compound has not been established definitely 
but the results so far obtained indicate clearly that the phosphatide con- 
tains a new type of polysaccharide. So far as we are aware this is the 

Anderson, J.  Biol. Chem.. 83.505 (1929). 
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first time that a compound of the nature of a polysaccharide or possibly 
a glucoside composed of mannose and inosite has been found in nature 
and we propose to name this substance maninositose. 

It is an interesting fact that the action of dilute acid and dilute alcoholic 
alkali upon the phosphatide produces such different cleavage products. 
When the phosphatide is boiled with dilute acid the molecule is completely 
disrupted with the formation of fatty acids and glycerophosphoric acid 
together with reducing sugar and inosite. By the action of hot dilute 
alcoholic alkali only the fatty acids are split off; the polysaccharide bind- 
ing is not disturbed and no reducing sugar is liberated. It seems prob- 
able, therefore, that the fatty acids are combined as esters witli h y s ~ ~ x y :  
groups in the polysaccharide and the fact that no free glycerophosphoric 
acid can be isolated from the saponification mixture makes it probable that 
this substance is also linked in ester combination with the sugar .molecules. 

The organic phosphoric acid referred to above was converted into a 
barium salt. The barium salt is very soluble in water but i t  is insoluble 
in alcohol and up to  the present time i t  has been obtained only as a 
snow white amorphous powder. The substance does not reduce Fehling's 
solution but after i t  has been boiled for some time with dilute acid some 
reducing sugar is liberated. The composition of the substance does not 
agree with any ordinary hexosemonophosphate since the relation of car- 
bon to phosphorus is approximately C : P = 9 : 2. It is not impossible 
that it represents a compound of a hexosephosphate with glycerophos- 
phoric acid. 

The discovery of maninositose, a bacterial polysaccharide or glucoside 
of mannose and inosite will open up a new chapter in the study of the 
function of inosite in cell metabolism. It should also lead t o  interesting 
experiments in the synthesis of similar combinations between hexoses 
such as glucose or mannose and inosite. Biological values or reactions 
of maninositose are still unknown but various experiments are planned 
and will be carried out as soon as possible. 

Experimental Part 

The general properties of the cleavage products obtained on saponifica- 
tion together with methods of separating the organic phosphoric acid and 
the neutral polysaccharide were worked out in preliminary experiments. 
Three separate saponifications were conducted in the course of which 
the various cleavage products were isolated. In all of these experiments 
very similar results were obtained both qualitatively and quantitatively. 
The experimental procedure outlined below can, therefore, be recommended 
as the shortest and most satisfactory. 

Saponification of the Phosphatide.-The phosphatide had been prepared by the 
H. K. Mulford Company from the human tubercle bacillus, strain H-37, according to our 
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original method.8 The product was a white amorphous powder and its properties were 
identical with those that we described for the phosphatide A-3. We desire to express our 
thanks to the H. K. Mulford Company who generously supplied this expensive material. 

The saponificatione was carried out by refluxing a mixture of 18 g. of the phospha- 
tide and 600 cc. of 1% alcoholic potassium hydroxide on the steam-bath for twenty-four 
hours. The phosphatide agglutinated to a solid mass on the bottom and sides of the 
flask and the alcoholic solution became slightly straw colored. After the mixture had 
cooled the insoluble product was a hard brittle mass which could be easily rubbed to a 
powder. The supernatant liquid was decanted, the flask was rinsed several times with 
hot alcohol and the solution was reserved for the isolation of the fatty acids. 

Examination of the Alcohol-Insoluble Residue.-The material which was insoluble 
in alcohol was dissolved in 100 cc. of water and the solution was acidiied with acetic acid, 
when a slight scummy precipitate was obtained which consisted mainly of fatty acids 
which had been occluded in the amorphous mass. The precipitate was tiltered off, 
washed with ether and the extract was combined with the fatty acids obtained from the 
alcoholic solution. 

The aqueous solution and washings, after they had been concentrated under reduced 
pressure to a volume of about 30 cc., were mixed with 400 cc. of alcohol, when a sticky 
mass was precipitated. The mixture was allowed to stand until the supernatant liquid 
was clear; the solution was decanted, and the precipitate was washed with alcohol and 
dried. The material was dissolved in 10 cc. of water, precipitated by adding alcohol 
and the supernatant liquid was decanted. After the precipitate had been washed with 
alcohol and dried, it was dissolved in 60 cc, of water and a slight excess of neutral lead 
acetate solution was added. The dense amorphous precipitate was filtered off and 
washed thoroughly with water. The filtrate and washings were saved for the isolation 
of maninositose. 

Isolation of the Organic Phosphoric Acid.-The lead salt was suspended in water, 
decomposed with hydrogen sulfide and the lead sulfide was filtered off and washed with 
water. The filtrate, after it had been concentrated under reduced pressure to a volume 
of about 50 cc., was neutralized with barium hydroxide. A slight amount of an amor- 
phous precipitate separated which was filtered off and washed with water. 

This precipitate, which gave a strong reaction for inorganic phosphoric acid, evi- 
dently consisted of barium phosphate and it was discarded. The colorless filtrate was 
mixed with an equal volume of 95% alcohol, when a white amorphous precipitate sep- 
rated. The latter was filtered off, washed with 60% alcohol and with alcohol. After 
the substance had been dried in vacuo it weighed 3.15 g. The barium salt was dissolved 
in a few cc. of water and the perfectly clear solution, after it had been diluted to 40 cc. 
with water, was precipitated by adding 40 cc. of alcohol. The snow white product after 
it had been filtered, washed and dried, weighed 3.1 g. 

The substance did not directly reduce Fehling's solution but after i t  had been boiled 
with an acid for some time it did reduce Fehling's solution. 

For analysis the barium salt was dried a t  105' in vacuo over dehydrite. 

Anal. Subs., 0.2223: BaS04, 0.1481; Mg~Pz07, 0.0715. Subs., 0.1722: HzO, 
0.0479; COz,0.0997. Found: C,15.79; H,3.11; P,8.96; Ba,39.20. 

The analytical values agree approximately with the formula CsH~o019~Ba2, which 
might represent a mixture of equal parts of a hexosemonophosphate and glycerophos- 

Anderson, J. Biol. Chem., 74,525 (1927). 
Throughout the various operations air was displaced by nitrogen or carbon di- 

oxide until the fatty acids had been isolated. Izreshly distilled solvents were used and 
the alcohol had been distilled over potassium hydroxide. 
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phate. I t  is evident, however, that the substance does pot contain any ordinary hexose- 
monophosphate, because it does not rcduce FehIing's solution until after i t  has been 
boiled for some time with an acid. I t  appears most reasonable, a t  present, to assume that 
the compound contains a complex binding which is broken on boiling with acid, yielding 
a reducing sugar. Further work on this subject will be xlecessary before we can deter- 
mine the definite formula of the acid as well as of its cleavage products. 

Isolation of Maninositose.-The filtrate from the lead acetatc precipitation was 
freed of lead by means of hydrogen sulfide and the lead sulfide was filtered off and 
washed with water. The clear colorless filtrate was concentrated to a sirup under re- 
duced pressure and the sirup was washed into a beaker with 30 cc. of water. The solu- 
tion was acidified with 2 cc. of glacial acetic acid and poured with constant stirring into 
400 cc. of absolute alcohol, when an amorphous precipitate was obtained. The product 
was collected on a Buchner funnel, washcd thoroughly with absolute alcohol and finally 
dried in a vacuum desiccator. The snow white amorphous powder weighed 4.4 g. 
For further purification the product can be reprecipitated a number of times in the 
same manner but it is recovered practically quantitatively. 

The substance is optically active and on moist litmus paper it shows a neutral 
reaction. I t  has no definite melting point. When heated it begins to sinter a t  100°; 
it begins to swell or froth a t  150' without showing any noteworthy change on further 
heating, but above 250" it slowly darkens. When the substance is ignited it swells up 
and burns, leaving a very light voluminous white ash which on further heating forms a 
fused mass. The ash consists principally of potassium phosphate. 

Rotation. 0.5998 g. of substance dried at  60' in vacuo over dehydrite was dissolved 
in water a t  23 O and made up to 10 cc. In a 1-dm. tube a = +3.42 "; hence [a]': f 57". 

For analysis the substance was dried at  105" in vacuo over dehydrite. The loss in 
weight was 3.5%. 

Anal. Found: ash,16.27; P,2.33; K,3.92. 
The phosphorus is present in organic combination but i t  is impossible to state 

definitely, a t  present, whether the phosphorus content is due to incomplete removal 
of the organic phosphoric acid compound or forms an integral part of the carbohydrate 
molecule. 

Hydrolysis of Maninositose.-A sample of the neutral carbohydrate which had 
been repeatedly precipitated from dilute acetic acid with absolute alcohol was hydro- 
lyzed. The snow white amorphous powder, which weighed 1.1 g., was refluxed with 100 
cc. of 5% sulfuric acid for four hours. The faintly straw-colored solution was freed of 
sulfuric acid quantitatively with barium hydroxide and the barium sulfate was removed. 
The filtrate was concentrated under reduced pressure to 50 cc. and the solution, which 
showed a slight acid reaction, was neutralized with barium hydroxide. The addition of 
two volumes of alcohol caused a small amount of an amorphous precipitate to separate. 
The latter was filtered off, washed with alcohol and dried. The white powder weighed 
only 0.15 g. and contained organic phosphorus. The properties of the substance re- 
sembled those of barium glycerophosphate but the small quantity of the material pre- 
vented its definite identification. 

Isolation of Mannose Pheny1hydrazone.-The filtrate from the above-mentioned 
barium salt was freed of barium quantitatively with sulfuric acid and, after removing 
the barium sulfate, the filtrate was concentrated to 30 cc. On adding 1 g. of phenyl- 
hydrazine dissolved in 2 cc. of alcohol a crystalline precipitate began to separate im- 
mediately. After the mixture had stood overnight the crystals were filtered off, washed 
with water, alcohol and ether. The dried crystals were slightly straw-colored and they 
weighed 0.55 g. The substance was recrystallized from 50 cc. of hot 60% alcohol and 
as the solution cooled there separated slowly large colorless rhombic plates which were 
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filtered off, washed and dried. The crystals weighed 0.35 g. and the optical properties 
were identical with those of mannose phenylhydrazone. The substance melted with 
decomposition when rapidly heated a t  195-196 O and there was no depression of the melt- 
ing point when some of the substance was mixed with a sample of pure mannose phenyl- 
hydrazone. The crystal form and melting point definitely identify the substance as 
mannose phenylhydrazone. 

Isolation of 1nosite.-The filtrate from the crude mannose phenylhydrazone was 
shaken with an excess of benzaldehyde for several hours and the precipitated hydrazone 
was removed by filtration. The solution, after i t  had been extracted several times with 
ether, was concentrated under reduced pressure to a sirup and the latter was dried in a 
vacuum desiccator. A snow-white crystalline residue, free from any sirupy admixture, 
was obtained that weighed 0.25 g. I t  was dissolved in a little dilute acetic acid and 
brought to crystallization by the addition of alcohol. Colorless prismatic needles were 
obtained that weighed 0.2 g. The crystals gave the Scherer reaction and melted a t  225O. 
There was no depression of the melting point when the substance was mixed with pure 
inactive inosite prepared from phytin. 

I t  is evident from the results of this analysis that the only products obtained on 
hydrolyzing the neutral carbohydrate were: (a) a small quantity of a barium salt of an 
organic phosphoric acid which resembled barium glycerophosphate, (b) mannose, iso- 
lated as mannose phenylhydrazone, and (c) inactive inosite. We are forced to the con- 
clusion, therefore, that the carbohydrate consists of a combination of mannose and inosite 
in the form of a polysaccharide or a glucoside. For want of a better name we designate 
the substance by the name maninositose. 

Isolation of the Fatty Acids.-The alcoholic soap solution, obtained on saponifying 
the phosphatide, was concentrated to a volume of about 200 cc., diluted with water, 
acidified with hydrochloric acid, and the fatty acids were extracted with ether. The 
aqueous solution was saved and examined for glycerol. The ether extract was washed 
with water until the washings were neutral to litmus and the ether was distilled off. 
The residue, consisting of the mixed fatty acids, weighed 10.8 g. after i t  had been dried 
in vacuo. The fatty acids were not separated a t  this time but they were preserved for 
future use. 

Examination of the Aqueous Solution for Glycerol and Glycerophosphoric Acid.- 
The acid aqueous solution, which remained after the fatty acids had been extracted, 
was concentrated to dryness under reduced pressure and the residue was extracted with 
absolute alcohol. The insoluble potassium salts were removed by filtration, the alcohol 
was evaporated and the residue was again extracted with absoIute alcohol, filtered and 
diluted with an equal volume of water. The mixture was made faintly alkaline with 
barium hydroxide when a very slight amorphous precipitate was obtained. The pre- 
cipitate was filtered off, washed with alcohol and dried. The amount of the substance 
was very small and since it gave a reaction for inorganic phosphoric acid i t  evidently 
consisted of barium phosphate. 

The filtrate from the barium precipitate was concentrated to dryness in vacuo. 
The residue was extracted with absolute alcohol, the extract was filtered and the alcohol 
was distilled off when a slight sirupy residue was obtained. The sirup gave no reduction 
on boiling with Fehling's solution but when it was heated with acid potassium sulfate a 
strong odor of acrolein was noted, thus indicating the presence of glycerol. 

The alcohol-insoluble potassium salts, which were mentioned above, were dissolved 
in water and the solution was made faintly alkaline with barium hydroxide. A slight 
amount of an amorphous precipitate was obtained but there was no further precipitate 
on adding alcohol. The precipitate gave a reaction for inorganic phosphate and it evi- 
dently consisted of barium phosphate. The results of the examination indicate that the 
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aqueous solution contained some free glycerol and some free phosphoric acid but no 
glycerophosphoric acid could be isolated. 

Summary 
1. A study has been made of the action of hot dilute alcoholic potassium 

hydroxide on the phosphatide A-3 from the human tubercle bacillus. 
When treated in this manner the phosphatide is saponified, yielding an 
aIcoholic soap solution of the fatty acids together with small amounts 
of free glycerol and phosphoric acid, while an alcohol-insoluble residue 
remains which consists of a mixture containing a complex organic phos- 
phoric acid and a neutral carbohydrate. 

2. The organic phosphoric acid has not been studied fully but when 
it is boiled with dilute acid i t  is hydrolyzed with the fom~ation of a re- 
ducing sugar which has not yet been identified. 

3. The neutral carbohydrate, called maninositose, represents a new 
type of polysaccharide or a glucoside which on hydrolysis with dilute acid 
yields mannose and inosite. 
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The interest which has of late centered in the metabolism of certain 
indole d e r i ~ a t i v e s l ~ ~ ~ ~  has made it desirable to prepare new members, 
particularly some of the higher homologs, of an already known series. For 
example, to make available a sequence of 3-indolyl acids among which . 

indolyl-propionic acid has heretofore been the highest known homolog, 
i t  became desirable to construct the corresponding butyric, valeric and 
caproic acids. At the same time, the chemical aspects of the syntheses 
presented several interesting features. 

The recently much exploited4 Japp and Klingemann reaction, when ap- 
plied to ethyl cyclohexane-1-one-2-carboxylate, produces an excellent yield 
of the half ester of the phenylhydrazone of a-ketopimelic acid (I) 

I I1 
Jackson, J.  Biol. Chenz., 73, 523 (1927); 84, 1 (1929). 
Berg, Rose and Marvel, ibid., 85, 207, 219 (1929). 

a Jackson, ibid.. 87, XIV (1930). 
4 Manske, Perkin and Robinson, J. Chem Soc., 1 (1927); Manske and Robinson, 

ibid.. 240 (1927) ; and others 



5030 RICHARD W. JACKSON AND RICHARD H. MANSKE Vol. 52 

The alternative product, cyclohexane-1,2-dione monophenylhydrazone 
(11), is formed in only small amounts if a t  all. Esterification and indole 
ring closure of the ester (I) take place readily when it is heated in alcohol 
with sulfuric acid. The dibasic ester (111) thus obtained yields, on hy- 
drolysis and decarboxylation, y-3-indolyl-butyric acid (IV) 

CH2CHzCHzCOOCzHs OJ~cH2cH2cH2cooH CH2 

NH cozc2Hs NH 0~5:: NH co 
I11 I V  v 

2-Ketotetrahydrocarbazole (V) is obtained in small amount during the de- 
carboxylation of the dibasic acid. The temperature required for decar- 
boxylation is presumably sufficient to induce the elimination of water- 
which is obviously possible and undoubtedly dependent upon the reactivity 
of the 2-hydrogen atom. 

We have converted the indolyl-butyric acid into y-3-indolyl-propylamine 
(VI) via the methyl ester, the hydrazide, the azide, the urea or the urethan 
and the phthalimide, and thus there is established a connection between 
this chain of synthetic products and a substance already known (VI)6 

VI VII 

Again, reduction of the ester with sodium and alcohol was found to yield 
8-3-indolyl-butyl alcohol (VII) ; and to make the series more complete, we 
have, inter alia, prepared y-3-indolyl-propyl alcohol by the reduction of 
methyl p-3-indolyl-propionate. The preparation of a lower homolog, 
p-3-indolyl-ethyl alcohol (the tryptophol of Ehrlich) has recently been 
placed on record by one of us6 

Lastly we attempted to synthesize the homo-3-carboline (VIII) by 
ring closure of the intermediary isocyanate (IX) obtained by heating the 
azide in an inert medium 

VIII IX 

Although the similar synthesis of 2-keto-tetrahydro-3-carboline proceeds 
with unusual ease from the lower homologous azide,' our experiments in 

5 Majima and Hoshino, Ber., 58, 2042 (1925). 
Jackson, J. Biol. Chem., 88, 659 (1930). 
Manske and Robinson, J. Chem. Soc., 240 (1927). 
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the present case have resulted in only a small amount of the product, which 
appears, nevertheless, to be the desired substance. Apparently the seven- 
membered ring is considerably more difficult to form. 

Experimental Part 
Ethyl r-(2-Carbethoxy-3-indolyl)butyrate.-It was found essential to avoid 

delay during this preparation as far as the isolation of the phenylhydrazone. To a 
mixture of 76.8 g. of aniline and 200 cc. of hydrochloric acid (sp. gr. 1.2), 56 g. of solid 
sodium nitrite was gradually added with constant stirring. Crushed ice was kept 
floating in the reaction flask during the diazotization. Meanwhile an ice-cold solution 
of 200 g. of potassium hydroxide in 500 cc. of water was prepared; 136 g. of ethyl cyclo- 
hexanone-carboxylate was now poured over 400-500 g. of ice; to this mixture of the 
ester and ice were added alternately (about ten portions of each) the solutions of the 
potassium hydroxide and benzenediazonium chloride such that the alkali was always 
present in excess. Efficient stirring was provided to prevent the formation of any 
localized acid regions of appreciable extent, and sufficient ice was added from time to time 
to keep the solution quite cold. None, or at  the most only a trace, of the solid potas- 
sium salt of the cyclic ester remained a t  the end of the condensation. The reaction 
mixture was next acidified with 160 cc. of hydrochloric acid (sp. gr. 1.2) previously 
diluted and chilled. After standing for a short while, the half ethyl ester phenylhydra- 
zone of a-ketopimelic acid crystallized and could then be filtered and thoroughly washed 
by suction. I t  was dried first in the air and then in a vacuum desiccator. A small 
quantity was recrystallized with some difficulty several times from benzene; it then 
consisted of an orange colored powder melting a t  142-143 0.8 The yield of dried product 
was uniformly 200 to 204 g. The Fixher indole ring closure and attendant esterifica- 
tion of the free carboxyl group were conveniently effected by refluxing for two and one- 
half hours with 500 cc. of absolute alcohol and 55 cc. of sulfuric acid (sp. gr. 1.84). 
The excess alcohol was next largely distilled off under reduced pressure. The oily 
residue was dissolved in ether-benzene, washed with water and with aqueous sodium 
bicarbonate and dried over calcium chloride; after the removal of the solvent, the resi- 
due was distilled in vacuo. The main fraction, obtained at 235" and 7 mm., crystallized 
on cooling. In order to remove a small amount of oil, the distillates from three runs 
were united, warmed with 100 cc. of benzene to dissolve nearly all of the ester, cooled 
and cautiously treated with 400 cc. of petroleum ether. When crystallization was 
complete, the solid was filtered off and washed with petroleum ether. The yield of 
colorless product melting a t  75-76" was 278 g. (38% of the theoretical calculated on the 
amount of cyclic ester employed). Recrystallization from benzene-petroleum ether 
yielded the ester in long needles, melting sharply at  76O. 

Anal. Calcd. for C1yH2104N: C, 67.33; H, 6.93; N, 4.62. Found: C, 67.54; 
H, 7.09; N, 4.75. 

The methyl ester, although never obtained in as good yield, was prepared from 
methyl cyclohexanone-carboxylate in a strictly analogous way. The recrystallized ester 
consisted of colorless fine elongated plates melting at  64'. 

Anal. Calcd. for C16H1,04N: N, 5.09. Found: N, 4.74. 

During the early part of the &stillation of the ethyl and methyl esters described 
above a colorless crystalline substance sublimed into the condenser and the top of the 
distillation flask. The identity of the products secured from the two distillations was 
suspected from their appearance and proved by a mixed melting point determination. 

All recorded melting points are corrected. 



5032 RICHARD W. JACKSON AND RICHARD H. MANSKE Vol. 52 

Furthermore, the same substance was obtained during the preparation of the lower 
l~omologous ester from ethyl cyclopentanone-carboxylate, and a compound of analogous 
nature was obtained during the course of some unpublished work on the preparation of 
several methoxy-indole compounds. 

Analytical figures and subsequent mixed melting point determination proved the 
substance in question to be sym.-diphenyl-urea (m. p. 240"). 

Anal. Calcd. for C13H120N2: C, 73.58; H, 5.66; N, 13.21. Found: C, 73.82; 
H, 5.86; N, 13.18. 

At present we are not prepared to submit a rational mechanism to account for the 
universal production of ureas under the conditions of our experiments. 

y-(2-Carboxy-3-indoly1)-butyric Acid.-The hydrolysis of the methyl and ethyl 
esters of this acid proceeded readily in dilute alcoholic alkali. Subsequent acidification 
gave quantitative yields of the acid. I t  was obtained from approximately 50% acetic 
acid in minute stout prisms melting at  193-194' with loss of carbon dioxide. 

Anal. Calcd. for CI~HI~O~N: N, 5.67. Found: N, 5.56. 
Methyl y-3-Indolyl-butpate.-The dibasic acid (106 g.) was decarboxylated by 

heating in an oil-bath at  220 until the evolution of carbon dioxide slowed down some- 
what; the decomposition of the melt was completed by elevating the temperature of the 
bath to 230° for fifteen minutes. The product was esteriiied by heating under r d u x  
for two hours with 200 cc. of absolute methyl alcohol and 4 cc. of sulfuric acid. The ester 
isolated in the usual way distilled at  230 a t  6 mm ; the yield was 83 g A small amount 
of unchanged acid was recovered from the alkaline wash water. The ester solidified 
completely on cooling and when recrystallized from benzene-petroleum ether was ob- 
tained in colorless glistening plates which melted a t  73-74". 

Anal. Calcd. for C1aHz&02N: C, 71.89; H, 6.91. Found: C, 72.28; H, 7.01. 

y-3-Indolyl-butyric Acid.-The crude decarboxylation residue obtained as de- 
scribed above is difficult to purify directly. It was found more convenient to prepare 
the monobasic acid by hydrolyzing the distilled methyl ester with alcoholic potash. 
The acid regenerated from the alkaline solution by acidification was first recrystallized 
from a large volume of water or from dilute alcohol but the product then tenaciously re- 
tained small quantities of water which depressed the melting point several degrees. 
Recrystallization from a mixture of benzene and petroleum ether gave colorless plates 
melting sharply at 124'. 

Anal. Calcd. for C~eH~30eN: N, 6.90. Found: N, 6.77. 
The hydrolysis of the monomethyl ester yielded in addition to the acid a small 

amount of unsaponifiable product which proved to be 2-keto-2,3,4,5-tetrahydrocar- 
bazole the properties of which were %st placed on record by C0ffey.S Recrystallized 
from alcohol, it melted at  166'. The azine melted a t  248'. These melting points 
agree with those reported by Coffey. 

7-3-Indolyl-butyric Hydrazide.-A mixture of 40 g. of 50% hydrazine hydrate, 
54 g. of methyl indolyl-butyrate and 60 cc. of alcohol was placed in a flask equipped 
with an air-cooled reflux condenser and gradually heated in an oil-bath until the tem- 
perature rose to 130'. At the end of an hour, the condenser was removed and the 
temperature of the bath raised to 140-150' to effect the removal of water, alcohol 
and excess hydrazine. The product, which crystallized upon standing, was filtered off 
and washed with cold alcohol. In addition to the first yield of 35 g., a small amount 
was recovered by evaporating the filtrate. After one recrystallization from alcohol, the 
hydrazide melted sharply at  112 O. 

Coffey, Rec. trav. chim., 42, 531 (1923). 



Dec., 1930 THE SYNTHESIS OF INDOLYL-BUTYRIC ACID 5033 

Anal. Calcd. for Q3H160N8: N, 19.36. Found: N, 19.27. 
Di-(Y-3-bdolyl-propyl)-urea.-A cooled solution of 10 g. of the above hydrazide 

in 50 cc. of acetic acid was treated in rapid succession with 200 g. of ice and 4 g. of sodium 
nitrite dissolved in a small volume of water. The precipitated and washed azide was 
added in small portions to boiling water and the mixture finally heated until no more 
decomposition was apparent. The oily urea was washed by decantation and then freed 
of remaining acid and easily saponifiable matter by heating for a short time with alco- 
holic potash. The product precipitated by the addition of water was washed with water. 
dried and then heated under reflux with norite in a large volume of ethyl acetate. The 
clear filtered solution on evaporation yielded a pale oily residue which crystallized on 
cautious treatment with ether. The crystals were filtered off, washed with a mixture of 
ethyl acetate and ether and recrystallized from the same solvents. The yield was 2.3 g. 
As thus obtained the urea consists of pale yellow plates melting a t  124'. 

Anal. Calcd. for CnHdN,:  N, 14.97. Found: N, 14.73. 
Methyl y-3-Indolyl-propyl-carbarnate.--The azide prepared as described above 

was dissolved in benzene. The solution was clarified with sodium sulfate and then 
evaporated under reduced pressure a t  room temperature with frequent addition of dry 
benzene until all moisture had been removed. The pale yellow residue was treated 
with 75 cc. of absolute methyl alcohol. The solution was gently warmed until the iirst 
vigorous evolution of nitrogen subsided and then heated under r&ux for twelve hours 
with a generous amount of norite. The clear filtrate was then repeatedly evaporated 
with dry benzene to remove the excess methyl alcohol. The resulting oily residue 
was taken up in 250 cc. of dry ether. A small amount of insoluble material was filtered 
off and the filtrate evaporated. Treatment with alcoholic potash removed only in- 
appreciable impurities. Since the urethan could not be induced to crystallize, i t  was 
finally distilled i n  v w o  to give 8 g. of an almost colorless and very viscous sirup. This 
set to a glass on cooling and failed to crystallize in contact with various solvents. I ts  
conversion to the phthalimide is proof of its structure. 

r-3-Indolyl-propyl-phthalimide.-For this preparation, both the urea and the 
urethan were found to suffice. A mixture of either substance with an  equal weight 
of phthalic anhydride was heated in an oil-bath, finally a t  230°, until effervescence 
ceased. The partially cooled mixture was dissolved in alcohol. The phthalimide was 
precipitated, while acid products were held in solution, by cautious treatment with so- 
dium carbonate solution. The crystallized product was filtered off, thoroughly washed 
and recrystallized from hot alcohol, in which it is sparingly soluble. The yield of pure 
product consisting of pale yellowish plates and melting at  132 was nearly the theoretical 
amount. I t  is almost insoluble in ether. 

Anal. Calcd. for ClsH,,OtNz: N, 9.21. Found: N, 9.03. 
The mother liquors from the preparation of the urea were also suitable for making 

the phthalimide, which in this case was quite pure after two recrystallizations. 
y-3-Indolyl-propyl-amine.-Hydrolysis of the phthalimido compound to the amine 

was readily accomplished by heating with a slight excess of hydrazine in dilute alcohol. 
When solution was completed, the alcohol was evaporated and the aqueous solution 
clarified by filtration through a layer of norite. The phthalyl hydrazide obtained on 
acidification was filtered off. The amine was then extracted from the basified filtrate. 
The ethereal extract was dried over potassium hydroxide and concentrated. The residue 
dissolved in a small volume of acetone was carefully neutralized with dry hydrogen 
chloride in ether. The crystallime hydrochloride was filtered off and washed with ace- 
tone and with ether. A very good yield was secured. In agreement with data reported 
by Majima and Hoshino,b the hydrochloride melted sharply a t  170'. 

A d .  &led. for C,1HI+N2~HC1: N, 13.30. Found: N, 13.06. 



5034 RICHARD W. JACKSON AND RICHARD H. MANSKE V0l. 52 

7-3-lndolyl-propyl Alcohol.-To 10.2 g. of methyl P-3-indolyl-propionate dissolved 
in 250 cc. of absolute alcoh01'~ was added 17 g. of sodium. The reaction finally was 
completed by heating for a short time on a steam cone. Water was added and the 
alcohol distilled off. The alkaline solution was extracted with ether. The residue 
secured by the evaporation of the ether was distilled in  vacuo to give 6 g. of a colorless 
viscous oil. Further purification was effected by conversion to the picrate which on 
two recrystallizations from benzene was obtained in brick-red stout needles melting 
a t  101 ". The alcohol regenerated from the picrate by decomposition with alkali and 
distilled a second time in  vaczio was an almost colorless oil which crystallized com- 
pletely a t  O 0  but which became liquid again a t  room temperature. 

Anal. Calcd. for CIIHISON: N, 7.99. Found: N, 7.83. 
The alcohol was further characterized by conversion to the phenylurethan formed 

when the alcohol was heated with a slight excess of phenyl isocyanate. The reaction 
mixture crystallized readily after it was washed several times with petroleum ether. 
The derivative was crystallized from hot benzene, in which it is only moderately soluble 
when cold, to give colorless plates melting a t  94'. 

Anal. Calcd. for C18H180aN2: N, 9.52. Found: N, 9.38. 
6-3-Indolyl-butyl Alcohol.-The reduction of methyl y-3-indolyl-butyrate (85 g.) 

with sodium (92 g.) and absolute alcohol (1100 cc.) in the manner described above for 
the lower homolog yielded 57 g. of practically colorless distillate which, on cooling and 
seeding with a crystal previously prepared from a specimen regenerated from the 
purified picrate, set to a solid mass of crystals. The material developed a slight reddish 
color after standing for some time. 

The picrate crystallized first from dilute alcohol and then twice from benzene was 
obtained in ruby-colored needles melting a t  102'. The alcohol liberated from the 
picrate by treatment with alkali was obtained as a colorless oil which slowly crystallized. 
A small portion plated out on porous tile melted a t  32-33 O. 

Anal. Calcd. for C12H~oON: N, 7.40. Found: N, 7.34. 
The phenylurethan recrystallized from benzene-petroleum ether melted a t  88'. 

I t  is readily soluble in the ordinary organic solvents except petroleum ether. 
Anal. Calcd. for ClsHzoOzNz: N, 9.11. Found: N, 9.14. 
There was recovered 13 g. of indolyl-butyric acid on acidifying the alkaline solution 

remaining from the preparation of the corresponding alcohol. The yield of alcohol 
based on the ester actually used up was, therefore, 89%. 

2-Keto-2,3,4,5-tetrahydro-homo-3-carbole (VIII).-The dried benzene solution 
of the azide prepared as described under preparation of the methylurethan (p. 5033) was 
gently heated on the steam-bath until evolution of nitrogen was complete. A stream 
of dry hydrogen chloride was passed into the solution and heating continued. A con- 
siderable amount of resin was precipitated. The clear benzene solution was evaporated 
to a thin sirup and the crystalline product which separated in the course of several days 
filtered off and washed with cold alcohol. It was recrystallized first from hot alcohol 
and then from acetone and was obtained in fine microcrystalline needles melting a t  220". 
The yield was only about 5% of the theoretical. I t  does not give a color with Ehrlich's 
reagent immediately but on prolonged boiling a cherry-red color is slowly developed. 
This behavior is interpreted to signify the opening of the lactam ring with subsequent 
decarboxylation, the latter process being analogously observed with the similar treat- 
ment of other 3-alkylated indole-2-carboxylic acids. 

Anal. Calcd. for CIZHIZON*: C, 71.96; H, 6.05; N, 13.99. Found: C, 72.12; 
H, 6.26; N, 13.97. 

lo Smith, J. Chem. Soc., 1288 (1927). 



THE SYNTHESIS OF INDOLYL-BUTYRIC ACID 

Experiments are in progress for converting the indolyl-butyl alcohol into the 
Ptoluenesulfonyl derivative with the objwt in view of condensing the latter with ethyl 
sodio-malonatel1 to obtain indolyl-caproic acid on hydrolysis and decarboxylation. We 
have succeeded, thus far, in securing a small amount of 6-3-indolyl-butyl malonic acid. 
I t  consists of colorless crystals melting a t  177O. 

Anal. Calcd. for ClsH1704N. C, 65.43; H, 6.23; N, 5.09. Found: C, 65.47; 
H, 6.23; N, 5.10. 

The main product by far from these reactions, however, was found to be present 
in a neutral fraction secured by ether extraction of an alkaline hydrolysate. The residue 
from this ether when distilled in  vacuo, plated out on a porous tile and finally recrys- 
tallized from 70% alcohol yielded glistening, colorless plates which alone, or admixed 
with an authentic specimen of tetrahydrocarbazole prepared for comparison, melted 
a t  117 ". Further comparison of the neutral material by means of Ehrlich's color reaction 
failed, likewise, to disclose any difference. 

Whether the ring closure is effected by the action of the acyl chloride directly on 
the alcohol or whether the toluene-sulfonyl ester eliminates toluene-sulfonic acid in the 
presence of the hot alcoholic sodium ethylate, we are not prepared to say a t  present. 
The latter course would appear to be the more likely one. In any case, however, the 
mechanism appears to he much the same. We are not familiar with strictly analogous 
examples of ring closure; the paucity of reactions of this kind is due not only to the 
lack of suitable orientation but also, we believe, to the absence of sufficient reactivity 
on the part of the hydrogen atom which must be eliminated along with the hydroxyl 
group as water. 

Summary 

1. The synthesis of indolyl-butyric acid has been effected through a 
procedure involving the application of the Fischer indole ring closure t o  
the phenylhydrazone secured by subjecting ethyl cyclohexanone-carboxyl- 
ate to the Japp and Klingernann reaction. 

2 .  Along with various other derivatives, indolyl-propyl and -butyl alco- 
hols and 2-keto-2,3,4,5-tetrahydro-homo-3-carboline were prepared. In- 
dolyl-propylamine was synthesized via a new group of indole compounds. 

3. The reactivity of the 2-hydrogen atom in the indole ring has been 
emphasized in light of the formation of 2-ketotetrahydrocarbazole and tet- 
rahydrocarbazole as by-products of certain reactions employed. 

4. Indolyl-butylmalonic acid has been synthesized. 
NEW HAVEN, CONNECTICUT 

l1 Peacock and Tha, J. C h m .  Soc., 2303 (1925). 
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THE REPLACEMENT OF HALOGEN BY HYDROGEN IN ALPHA 
HALO-KETONES UNDER THE INFLUENCE OF THE 

GRIGNARD REAGENT 
BY C. HAROLD FISHER, THOMAS S. OAKWOOD AND REYNOLD C. FUSON 

RECEZVED SEPTEMBER 18,1930 PUBLISHED DECEMBER 18, 1930 

The action of the Grignard reagent on certain alpha halo-ketones has 
been under investigation in this Laboratory in connection with the study 
of the coupling action of the Grignard reagent on certain types of halogen 
compounds.' The results obtained so far have been to some extent an- 
ticipated by Lowenbein and Schuster2 in an article which has just ap- 
peared. For this reason our work, although not fully completed, is being 
reported in its present form. 

In our work the original object in view was to extend if possible the 
coupling reaction to other types of active halogen compounds. Only 
the benzyl halides and their derivatives had been used in previous studies. 
Inasmuch as a-halo-ketones have a very reactive halogen atom, it seemed 
likely that the coupling reaction might take place when compounds of 
this type were treated with the Grignard reagent. Experiments with 
w-bromo-acetophenone showed that the great rapidity with which the 
carbonyl group was attacked by the Grignard reagent precluded the possi- 
bility of testing the behavior of the a-halogen atom toward this reagent. 
It was found possible, however, to get around this difficulty by introduc- 
ing substituents into the two ortho positions, thus effectively inhibiting 
the tendency of the carbonyl group to undergo addition reactions. Fur- 
ther, in order to avoid the possibility of enolization, the a-hydrogen atoms 
were replaced by methyl groups. The compound eventually obtained 
which fulfilled all of these requirements was a-3,5-tribromo-2,4,6-tri- 
methylisobutyrophenone (111). 

This compound was prepared in two ways. The method first used 
involved the synthesis of a-bromo-2,4,6-trimethylisobutyrophenone (I) 
from mesitylene and a-bromoisobutyryl chloride by use of the method 
of Friedel and Crafts. The monobromo compound was low-melting and 
for this reason difficult to study. Its dinitro derivative (11) was prepared 
as a check on the structure. By direct brom'ination of I was obtained 
the tribromo compound (111) which was used in the Grignard study. 
This compound was prepared more advantageously from isobutyryl- 
mesitylene (IV) by direct bromination. 

When this a-bromo ketone was treated with methylmagnesium chloride 
or ethylmagnesium bromide neither coupling nor alkylation was observed. 

For earlier papers in this field see Fuson, THIS JOURNAL, 48,830,2681,2937 (1926). 
Lowenbein and Schuster, Ann., 481,106 (1930). 
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VI VII 

Instead the bromine was smoothly replaced by hydrogen. This result 
resembles that obtained by UmnovaS who showed that when a,a1-dibromo- 
isobutyrone (VIII) was treated with phenylmagnesium bromide there 
resulted a Grignard reagent having the formula IX. The simulta- 

CH3 CHa CHa CH3 
I I C8H6MgBr 1 1 

BrC-CO-CBr CsH6C-CO-C-MgBr + CsHsBr 
I I I 1 
CHs CHs CH3 CH3 
VIII /02 '" b20 

CH3 CHI CH3 CHs 
I I I I 

CaH6C-CO-C-CO2R CsHaC-CGCH 
I I I I 
CHI CH3 CH3 CH3 

XI X 

neous production of bromobenzene seems to establish this reaction as 
one of alkylation and radical interchange. The structure of IX was 
assigned on the basis of its reaction with water and with carbon dioxide* 
followed by water. In the first case the product was a-phenylisobutyrone 
(X) and in the second, a,a,r-trimethyl-7-phenyl-P-keto-valeric acid (XI). 

Lowenbein and Schuster, in the investigation mentioned above, worked 
with benzoyldiphenylmethyl bromide (XII). With phenylmagnesiurn 
bromide this compound reacted to give diphenyl and the bromomagnesium 
enolate of triphenylethanone (XIII). The last-named compound when 
treated with water gave triphenylethanone (XIV). 

3 Umnova, J. Russ. Phys.-Chem. Soc., 45,881 (1913). 
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CsH6 OMgBr 
1 C6H6 + C~HK-C~H~, + MgBrz 

C6H6CO-C-Br + 2CsH6MgBr + CBH~C=C 
I 

CsH5 
XI1 

CsHa 
C~H~COCH' 

' ~ 6 ~ 5  

XIV 

It will be noted that these authors write their intermediate compound 
(XIII) as an enolate instead of as a true Grignard reagent such as Umnova 
used to explain the reaction with carbon dioxide (IX). Our results in 
the present work with a,3,5-tribromo-2,4,6-trimethylisobutyrophenone 
seem to parallel those of Lowenbein and Schuster rather than those of 
Umnova. When treated with methylmagnesium chloride or with ethyl- 
magnesium bromide, the tribromo compound (111) gave the enolate, VI. 
This when treated with water gave 3,5-dibromo-2,4,6-trimethylisobutyro- 
phenone (V). The structure of V follows from the fact that bromination 
converted i t  into a,3,5-tribromo-2,4,6-trimethylisobutyrophenone, from 
which it could be regained by reduction with zinc dust. Treatment with 
carbon dioxide, however, failed to convert VI into a,a-dimethyl-Eketo- 
8-(2,4,6-trimethyl-3,5-dibromopheny1)-propionic acid (VII). The reac- 
tion of our intermediate compound (VI) with benzoyl chloride, carbon 
dioxide and other typical reagents for the detection of the Grignard re- 
agent is being further investigated. 

Experimental Part 
a-Bromoisobutyrylmesitylene (I).-A mixture of 50 g. (0.22 mole) of a-bromoiso- 

butyryl bromide, 26 g. (0.22 mole) of mesitylene and 170 g. of carbon disulfide was placed 
in a 500-cc. three-necked flask equipped with a mercury-sealed stirrer and a reflux 
condenser with a tube to carry off the evolved hydrogen chloride. Through the re- 
maining side neck of the flask was added in small portions over a period of one and one- 
half hours 40 g. of anhydrous aluminum chloride. The reaction flask was kept in an 
ice-water bath and the stirring was continuous throughout the period of addition of the 
aluminum chloride and for an hour afterward. A dark red color developed during the 
addition; this color gradually faded to a light red toward the end of the reaction. 

The product was poured on cracked ice and a vigorous reaction took place. The 
crude product when distilled came over a t  145-175' a t  24 mm. Redistillation gave 
41 g. of a golden-brown oil boiling a t  160-170' a t  24 mm. The yield was 69.5% of 
the theoretical. On long standing the oil deposited crystals of the a-bromoisobutyryl 
mesitylene, melting a t  27 O. 

Anal. Calcd. for CtsH170Br: Br, 29.79. Found: Br, 29.22. 

a,3,5-Tribromo-2,4,6-trimethylisobutyropheoe (III).-The a-bromoisobutyryl- 
mesitylene described above was brominated by treatment with bromine in ice water. 
The oil boiling a t  160-170' a t  24 mm. was covered by a layer of water and cracked ice 
and an excess of bromine was added. During the addition of the bromine the mixture 
was shaken vigorously. The oil became very viscous and finally set to  a solid. This 
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was treated with a solution of sodium bisulfite to remove excess bromine. The product 
crystallized from 95% alcohol in colorless needles melting a t  106-107' (corr.). The 
yield was nearly quantitative. 

Anal. Calcd. for C1rHlsOBrs: Br, 56.2. Found: Br, 56.1. 

~-Bromo-3,5-dinitro-2,4,6-trimethylisoburophenone (I&--Four and one-half 
grams of a-bromoisobutyryl mesitylene was added slowly with agitation to a mixture 
of 10 cc. of concentrated nitric acid and 15 cc. of concentrated sulfuric acid. The tem- 
perature rose bltt was kept below 60" by immersion of the container in cold water. On 
standing for fifteen minutes the emulsion which had formed separated into two layers; 
the upper layer was orange in color and contained a finely divided solid, The reaction 
mixture was poured into cold water; a white solid came out. Thick needles melting 
a t  117.&118.5" were obtained after several recrystallizations from alcohol. 

Anal. Calcd. for C13H1&0sBrNa: Br, 22.3. Found: Br, 22.4. 

a,3,5-Tribromo-2,4,6-trimethylisobutyrophenone (111) (Second Method).--It was 
found that this preparation could be carried out more conveniently by direct bromination 
of isobutyrylmesitylene. The procedure used was essentially that described in the 
preparation by the first method. A mixture of the products from the two sources showed 
no depression of the melting point. 

The Action of Methylmagnesium Chloride on cu,3,5-Tribromo-2,4,6-trimethyliso- 
butpophenone.-A solution of 9 5 g. (0.022 mole) of the tribromo ketone in 125 cc. 
of ether was added dropwise and with stirring (mercury-sealed stirrer) to  a three-fold 
excess of the Grignard reagent contained in a three-necked flask. During the addition, 
which required about thirty minutes, the reaction mixture boiled gently without ex- 
ternal heating. When the addition was complete the stirring and refluxing (from ex- 
ternal heat) were continued for two and one-half hours. Cold dilute hydrochloric acid 
was added; this caused violent refluxing if added rapidly. The clear, colorless ether 
layer was washed twice with water and the ether carried off by a stream of air, leaving 
a white solid. All of the solid dissolved in hot 70% alcohol. On cooling the solution 
deposited a crystalline solid which melted a t  62-64". Further recrystallization from 
methyl alcohol changed the melting point to 70-71' (corr.). This product was found 
to be 3,5-dibromo-2,4,6-trimethylisobutyrophenone (IV) by the reaction described be- 
low. The yield was 5.5 g. or 71% of the theoretical. 

3,5-Dibromo-2,4,6-trimethylisobutyrophenone.-Five-tenths gram of the pulver- 
ized product and an excess of bromine were intimately mixed in a test-tube cooled by an  
ice-salt mixture. After ten minutes a solution of sodium bisulfite was added to remove 
excess bromine. After one recrystallization from alcohol 0.6 g. of a solid melting a t  
102-104.5" was obtained. This was shown to be u,3,5-tribromo-2,4,6-trimethyliso- 
butyrophenone by the method of mixed melting points 

Anal. Calcd. for ClzH,f,OBrz: Br, 46.0. Found: Br, 45.7 
Reduction of o(,3,5-Tribromo-2,4,6-trimethylisobutyrophenone with Zinc and Acetic 

Acid.-The method used was similar to that which Stephen and Weizmann4 used to  
reduce w-chloro-2,4-dihydroxy-acetophenone. One and one-half grams of the tribromo 
ketone, 4 cc. of glacial acetic acid, 16 cc. of water, and 100 cc. of 95% ethyl alcohol 
were placed in a 200-cc, flask fitted with a reflux condenser, and the temperature of the 
water-bath surrounding the flask was brought to 60'. Five grams of zinc dust was 
added and the temperature of the water-bath maintained a t  60 for one hour, when 16 
cc. of water and 4 cc. of acetic acid were again added. The temperature was kept a t  
60" for five additional hours. 

The zinc dust was filtered, part of the solvent evaporated and water added, which 

* Stephen and Weizmann, J. Chem. Soc., 105, 1050 (1914). 
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caused the precipitation of a fine white solid. Two extractions with ether were made 
and the ether was allowed to evaporate. The residue after several recrystallizations 
from methyl alcohol melted at  69-70'. This was shown to be 3,5-dibromo-2,4,6-tri- 
rnethylisobutyrophenone by the method of mixed melting points. 

The Action of Ethylmagnesium Bromide on a,3,5-Tribromo-2,4,6-trimethyliso- 
butyrophenone.Severa1 experiments similar to that described for methylmagnesium 
chloride were run with ethylmagnesium bromide. The tribromo compound was in all 
cases smoothly converted into the dibromo compound. In two runs the reaction mix- 
ture was treated for long intervals with carbon dioxide before being decomposed with 
water. The product was the same as in those runs in which no carbon dioxide was 
used. No acid could be isolated in any case. 

Summary 

a,3,5-Tribromo-2,4,6-trimethylisobutyrophenone (111) has been pre- 
pared by the bromination of isobutyrylmesitylene (IV) and of a-bromo- 
isobutyrylmesitylene (I). 

Treatment with methylmagnesium chloride or ethylmagnesium bromide 
transformed the tribromo compound (111) into an enolate (VI) which re- 
acted with water to give 3,5-dibromo-2,4,6-trimethylisobutyrophenone 
(V). 

The structure of the dibromo compound (V) was proved by its synthesis 
from I11 by zinc reduction and by the fact that bromination reconverted 
i t  into the tribromo compound. 

URBANA, ILLINOIS 

[CONTRIBUTION FROM THE CHEMICAL RESEARCH LABORATORIES, PICATINNY ARSENAL] 

THE NITRATION OF SYM.-DIPHENYLETHANE1s2 
BY WY. H. RINKENBACH~ AND H. A. AARONSON' 

RECEIVED SEPTEMBER 19, 1930 PUBLISHED DECEMBER 18,1930 

Although various workers have reported the preparation and properties 
of a number of nitro derivatives of symmetrical diphenylethane (dibenzyl), 
i t  was considered advisable to carry out a more thorough investigation of 
the nitration of this compound. The object of this study was to determine 
the practicability of preparing the symmetrical hexanitro derivative by di- 
rect nitration, although it was considered probable that steric hindrance 
would prevent the formation of a high yield of hexanitrodiphenylethane. 

Several dinihodiphenylethanes are recorded in the literature, the 4,4'- 
dinitro compound being the most important. Stelling and Fittigs pre- 
pared this compound by the direct nitration of diphenylethane with nitric 
acid (sp. gr. 1.52) and reported the simultaneous formation of the 2,4'- 

1 Published by permission of the Chief of Ordnance, U. S. War Department. 
9 Work undertaken at  the suggestion of Mr. Lambert Thorpe. 
a Chief Chemist, Picatinny Arsenal, U. S. War Department. 
4 Assoc. Organic Chemist, Picatinny Arsenal, U. S. War Department. 
b Stelliig and Fittig, Ann.. 137,260 (1866) 



dinitro compound. It has been found possible to obtain 4,4'-dinitrodi- 
phenylethane wi-tfi a yield of 95% of the theoretical by the use of nitric 
acid having a specific gravity of only 1.42 according to the following pro- 
cedure. 

Thirty-five grams of diphenylethane was added to 105 g. of nitric acid (sp. gr. 
1.42). There was no appreciable evolution of heat. The mixture was slowly heated 
and the temperature was maintained between 70 and 80' for six hours while being 
stirred. At the end of this time an oily layer below the spent acid was visible. After 
cooling, the mixture was drowned in ice water, filtered on a Biichner funnel and the 
retained nitro compound was washed thoroughly with water, air-dried and weighed; 
yield, 50.0 g. as compared with 52.5 g. calcd. This material was purSed by repeated 
recrystallization from ethanol. 

The pure 4,4'-dinitrodiphenylethane so obtained was in the form of light yellow 
needles which were found to melt a t  180.5' (corr.). The melting point of this compound 
has been reported as being 17a6 180-1827 and 182O8 by various workers, and particular 
care was taken in determining the above value with at hermometer calibrated by the 
U S. Bureau of Standards. 

Braun and Rawiczg reported the preparation of 2,4,2',4'-tetranitrodiphenylethane, 
obtaining a 70% yield of this compound whendiphenylethane was added to ten timesits 
weight of fuming nitric acid (sp. gr. 1.53) at  -15O, allowing to stand a t  room tempera- 
ture for one hour, and drowning in ice water. I t  was found possible to obtain 2,4,2',4'- 
tetranitrodiphenylethane with a yield of 90 to 95% by the use of the following procedure: 
50 g. of diphenylethane was added slowly to 500 g. of fuming nitric acid (95Ya) which 
was stirred continuously and maintained at a temperature lower than 30 O. When the 
mixing was complete the temperature was slowly raised to  about 70' in the course 
of two and one-half hours, and maintained at  this point for four hours. After cooling 
and standing overnight, heating at  70 O was continued for two hours. Stirring was con- 
tinued for two hours during cooling. The mixture was then drowned in ice water 
and filtered through a Biichner funnel. The retained solid was washed thoroughly with 
water to remove acid and with alcohol to remove any unnitrated diphenylethane. air- 
dried and found to weigh 91 g. Repeated recrystallizations of this material from ben- 
zene and toluene yielded pale yellow needles. 

The pure compound so prepared was found to melt a t  170.9' (corr.) as compared 
with the value 168-169 reported by Braun and Rawin. It is insoluble in hot or cold 
ethanol, slightly soluble in ether or chloroform and appreciably soluble in hot benzene, 
toluene, acetone, acetic acid, ethylene dichloride or acetylene tetrachloride. It is non- 
hygroscopic and explodes in five seconds when heated at 380°. In spite of this, the 
compound is not detonated by the impact of a 2 kg. weight falling 34 inches; nor is i t  
detonated by 0.4 g. of mercury fulminate or by 0.4 g. of tetryl with 0.23 g. of mercury 
fulminate in the sand test. However, when 0.40 g. of cyclotrimethylenetrinitramine 
with 0.23 g. of mercury fulminate is used, detonation takes place and the tetranitro- 
diphenylethane is found to crush 21 g. of sand as compared with 30 g. crushed by the 
same weight of trinitrotoluene. 

Several attempts to prepare 2,4,2',4'-tetranitrodiphenylethane by the use of 
mixtures of sulfuric and nitric acids gave negative results. The diphenylethane was 
dissolved in 95% or in fuming (103%) sulfuric acid by heating to 110' and, after cooling, 

6 Leppert, Ber., 9, 15 (1876) 
7 Green, Davies and Horsfall, J. Chem. Sac., 91,2079 (1907). 
a W. Will, Ber., 47, 704 (1914). 
9 Braun and Rawicz, ibid.. 49, 802 (1916). 
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a mixture of 95% sulfuric and fuming nitric (95%) acids or of fuming sulfuric and fum- 
ing nitric acids was added. After heating a t  80 to 100' for from two to four hours, the 
mixture was cooled and drowned in ice water. Very little separation of solid material 
resulted and only a small quantity of the tetranitro compound wag recovered. Only 
traces of other compounds were obtained by extracting the water solutions with organic 
solvents, neutralizing with sodium carbonate and extracting again. It would appear 
that the use of mixed acids for nitration results in almost complete decomposition of the 
diphenylethane. 

The only reference to a nitro derivative of diphenylethane higher than the tetra- 
nitro compound found in the literature is a statement by WillS that 2,4,6,2'.4',6'- 
hexanitrodiphenylethane is readily formed by the nitration of the dinitro compound 
and can also be prepared by the oxidation of 2,4,6-trinitrotoluene in the presence of 
alkalies. He gave no details of either method, but gave the melting point of the hexa- 
nitro compound as 212". 

Further nitration of tetranitrodiphenylethane by the use of fuming nitric acid or 
mixtures of fuming nitric and sulfuric acids caused no additional nitration, the unchanged 
tetranitro compound being recovered in each case. A number of attempts to prepare 
the hexanitro compound by the oxidation of trinitrotoluene in the presence of alkalies, 
using the method of Green, Davies and Horsfall,' gave negative results, even with the 
addition of ammonium persulfate to the solution. An effort to replace one or more 
hydrogen atoms of the methylene groups with the nitrate group was made, using the 
method of Walther and Wetzlich.lo These workers found that hydrobenzoin dinitrate 
was formed by boiling diphenylethane with silver nitrate in glacial acetic acid; but 
when 2,4,2',4'-tetranitrodiphenylethane was substituted for diphenylethane in this 
procedure, only the unchanged tetranitro compound was recovered. 

It was considered possible that a preliminary sulfonation of tetranitrodiphenyl- 
ethane over an extended period might render nitration possible. A new compound 
was prepared by the following procedure: 142 g. of tetranitrodiphenylethane was 
added to 100 g. of fuming sulfuric acid (1030/,), and the temperature was maintained 
a t  85" for four days. After cooling, 500 g. of fuming nitric acid (95%) was added, and 
the temperature was slowly raised to 85O. This temperature was maintained for two 
days, and the mixture was then cooled and drowned in ice water. The separated solid 
was caught on a Biichner funnel, washed thoroughly with water and air-dried. The 
weight was found to be 100 g. 

On recrystallizing from toluene, the solution became black and the deposited crys- 
tals were contaminated with a dark material. Washing with alcohol and with ether 
removed this and when the alcohol and ether solution was evaporated to dryness, a few 
grams of a black, gummy residue was obtained. Repeated recrystallization of the crys- 
talline material from toluene gave a pure product consisting of fine, pale cream-colored 
needles which melted a t  187.3'. 

Because of the melting point, the material prepared as described above was thought 
to be a new compound, and investigation showed it to be cr-2,4,5-trinitrophenyl-P- 
2,4-ditrophenylhydroxyethane. The constitution of the compound was established 
by analysis. 

Anal. Calcd.: C,39.35; H,2.14; N,16.56. Found: C,39.58; H,2.38; N,16.56. 

From these results the empirical formula C14H1~N5011 was calculated, 
while that of the pentanitrohydroxy compound is C14H9N5011. Since the 
empirical formula of the tetranitro compound is C14H10N408, i t  appeared 
probable that the new compound contained only nine hydrogen atoms, since 

lo Walther and Wetzlich, J. prakt. Chem., 61, 174 (1854). 



Dec., 1930 TKE NITRATION OF sym.-DIPHENYLETHANE 5043 

one nitrogen and three oxygen atoms had been added. The value found 
by the determination of hydrogen is believed to be high because of the 
difficulty in obtaining accurate results with so small a percentage present, 
but is within the experimental error. If this is granted, i t  is apparent that 
either a nitrate (NOs) group has replaced one of the hydrogen atoms of 
the ethylene linkage, or a nitro (NOz) group has replaced a hydrogen atom 
in one of the benzene rings and an oxygen atom has been added to the 
ethylene linkage or formed a phenol derivative. 

Molecular weight determinations, with trinitrotoluene as the solvent, 
gave values of 417 and 427 (av., 422) as compared with 423 for a-2,4,5- 
trinitrophenyl-8-2,4-dinitrophenylhydroxyethane and 407 for pentani- 
trodiphenylethane. This confirms the presence of eleven oxygen atoms in- 
stead of the ten required for a pentanitro derivative. 

A diphenylamine-sulfuric acid test for the presence of a side-chain ni- 
trate or nitrite group gave a negative result. The sodium hydroxide test 
for a phenolic groupu also gave a negative result. These results indicate 
that a nitro group has been substituted in one of the benzene rings and 
that the additional oxygen is attached to the ethylene linkage, probably to 
form a -CHOH- group. 

The presence of a non-phenolic hydroxyl group was confirmed by treat- 
ment with benzoyl chloride in pyridine solution. A brownish powder 
melting a t  about 200' with decomposition was obtained. This was found 
to have a nitrogen content of 13.68% as compared with a theoretical value 
of 13.3% for 

C~,H~(NO~)~~HO(OCCBH~) 

~eHz(N0z)36~e 

These results indicate that two nitro groups are attached to  one benzene 
ring, three to the other, and that one of the CH2 groups had been oxidized to  
a CHOH group. The problem of determining the position of the third 
nitro group in one benzene ring and the position of the CHOH group with 
reference to the trinitrophenyl group was attacked as follows. 

A portion of the pentanitrohydroxy compound was placed in a solution of chromic 
oxide in glacial acetic acid and the solution was boiled under a reflux condenser for sixty- 
two hours. After cooling, two compounds were isolated. One was slightly con- 
taminated with the second, but melted at  188' and had a nitrogen content of 16.0870. 
This is believed to be sufficient identification as 2,4,5-trinitrobenzoic acid, which melts 
at  190-191 and has a nitrogen content of 16.35%. 

The second compound did not melt even when heated to 275" and contained 11.16% 
of nitrogen. That it was an acetic ester was shown by hydrolyzing i t  with sulfuric 
acid in the presence of ethanol, when ethyl acetate was formed. This indicates that 
this compound has the constitution C&S(NO~)~CH(OOCCH~), the theoretical nitrogen 
content of which is 11.72y0. 

11 Mulliken, "Identification of Pure Organic Compounds," John Wiley and Sons, 
Inc., New York, Vol. I, p. 87. 
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The foregoing facts indicate that the compound under investigation is 
a-2,4,5-trinitrophenyl-@-2,4-dinitrophenyl-hydroxyethane and that treat- 
ment with chromic oxide and glacial acetic acid gave rise to  the reaction 

C H C H O H  

This compound is very slightly soluble in alcohol or ether, but is appreci- 
ably soluble in hot benzene, toluene, acetone, ethylene dichloride or acetyl- 
ene tetrachloride. When heated a t  360°, i t  explodes in five seconds and 
explodes when subjected to the impact of a 2-kilogram weight falling 18 
inches or more. It cannot be detonated by 0.4 g. of mercury fulminate, but 
when initiated with 0.25 g. of tetryl and 0.25 g. of mercury fulminate in the 
sand test, i t  crushes 21 g. of sand. 

The formation of or-2,4,5-trinitrophenyl-P-2,4-dinitrophenylhydroxy- 
ethane is of unusual interest, as the direct effects of steric hindrance are 
easily recognizable. It is thought probable that prolonged sulfonation 
does no more than serve to introduce a nitro group in the 5-position instead 
of the &position normally substituted in the trinitration of monoalkyl- 
benzene compounds. The introduction of the nitro group in the 5-position 
prevents oxidation of the adjacent 8-metliylene. The oxidation of the 
methylene group is evidently limited to one stage by the steric hindrance 
effect of the nitro groups already present in the compound and evidently is 
subsequent to  the introduction of one of the nitro groups; otherwise both 
methylene groups would be oxidized and no nitration would take place, 
as the introduction of a third nitro group is more difficult than the oxida- 
tion of a methylene group. 

The limitation of oxidation as an effect of steric hindrance is confirmed 
by results obtained in efforts to condense two molecules of a-2,4,5-trini- 
trophenyl- fl -dinitrophenylhydroxy -ethane with the elimination of one 
molecule of water from the two hydroxyl groups. When the compound was 
dissolved in and heated with 95% sulfuric acid or a mixture of fuming 
sulfuric acid and phosphorus pentoxide, the unchanged compound was 
recovered. As such condensations are relatively easy when less complex 
hydroxy compounds are used, and the 2,4-dinitro compound recovered on 
splitting with chromic oxide was esterified by the glacial acetic present, 
the inhibitive effect of steric hindrance in a-2,4,5-trinitrophenyl-8-2,4- 
dinitrophenylhydroxyethane is great, although the preparation of a ben- 
zoate was not difficult. 

In  the course of this study, the pentanitrohydroxy compound was pre- 
pared several times. From the products of nitration in one case, using 
140 g, of tetranitrodiphenylethane, there was isolated about 0.5 g. of a 
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compound melting a t  20g0, and having a nitrogen content of 18.48a/o, 
This is ttndoubtedly the symmetrical hexanitrodiphenylethane mentioned 
by WillS as melting a t  212' (18.59% N). In spite of repeated attempts t o  
prepare more of this material, none was obtained. It is apparent that this 
compound is formed in very small amount under even the most favorable 
conditions. 

Summary 
1. Modified methods of preparing 4,4'-dinitro- and 2,4,2',4'-tetra- 

nitrodiphenylethane with high yields have been developed. Accurate 
melting point determinations of these pure compounds, as well a s  other 
properties, have been recorded. 

2. A new compound has been prepared by the nitration of tetranitro- 
diphenylethane and identified as a-2,4,5-trinitro-phenyl-P-2,4-dinitro- 
phenylhydroxyethane. The important properties of this compound have 
been determined. 

3. 2,4,6,2',4',6'-Hexanitrodiphenylethane is formed in very small 
amount under even the most favorable conditions of nitration. 

4. The effects of steric hindrance in the formation of nitro derivatives 
of diphenylethane have been evaluated. 

DOVER, NEW JERSEY 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF IOWA STATE COLLEGE] 

MAGNESIUM DIALKYLS. AN HISTORICAL NOTE ON THE 
FIRST PREPARATION OF AN ALKYLMAGNESIUM HALIDE 

BY HENRY GILMAN AND ROBERT E. BROWN 

RECBIWD SEPTEMBER 19,1930 PUBLISHED DECEMBER 18, 1930 

Introduction 
In extension of studies concerned with the preparation of phenylmag- 

nesium chloride in the absence of a solvent,l some apparently anomalous 
reactions were observed when alkyl halides were heated with magnesium. 
This necessitated an investigation of the related magnesium dialkyls. 

Hallwachs and Schafarik2 were the first to prepare an organomagnesium com- 
pound, and this they did by heating ethyl iodide with magnesium. The solid reaction 
product when heated gave a colorless, volatile liquid which they said contained traces of 
the magnesium diethyl. Then Caho~rs ,~  by a like reaction, obtained an entirely vola- 
tile product which he considered magnesium diethyl. At a much later time, Lohr4 

Gilman and Brown, THIS JOURNAL, 52,3330 (1930). 
Hallwachs and Schafarik, Ann., 109,206 (1859). 
Cahours, ibid., 114,227,240 (1860). 
Lohr, ibid., 261, 48, 72?(1891). See, also, Fleck, ibid., 276, 129 (1893), who 

used the mercury diethyl method of preparation described by Lohr. Extensive studies 
on the direct action of RX compounds and magnesium have been made by Spencer and 
co-workers. J. Chem. Soc., 93.68, 1821 (1908). 
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prepared magnesium diethyl by heating ethyl iodide with magnesium and also by heating 
mercury diethyl with magnesium. In both cases the product was a non-volatile solid. 
This was subsequently confirmed? and then it was shown, incidental to other studies, 
that  magnesium dimethyl%nd magnesium di-n-buty17 were solids. There is a possi- 
bility that some higher, possibly branched-chain magnesium dialkyls might be liquids 
because although beryllium dimethyl is a solid, beryllium di-n-butyl is a liquid.8 

Strictly speaking, the known magnesium dialkyls are volatile to a cer- 
tain extent, for recent studies

g 
have shown that these organomagnesium 

can not only be sublimed in a high vacuum but also distilled 
in a stream of ether. Furthermore, the earlier literaturelo on these studies 
is incorrect in describing the magnesium dialkyls as being essentially in- 
soluble in ether. They are distinctly soluble in ether. Possibly the higher 
magnesium dialkyls might be found to be sparingly soluble in ether, which 
is the case with magnesium diphenyl.ll Other general observations on 
magnesium dialkyls are contained in the Experimental Part. 

Undoubtedly Hallwachs and Schafarik2 were the first to prepare an 
organomagnesium compound.12 They may have been the first to prepare a 
so-called "individual" or ether-free organomagnesium halide, because 
either one, or both, of the following reactions can be used to account for 
their product. 

2CzHsI + 2Mg -+ (CzH5)zMg + MgIz (1) 
C2H61 + Mg ~f CzHsMgI (11) 

There is not nowL3 available a reaction for differentiating between (R2Mg 
+ MgX2) and RMgX. Once the reaction product is dissolved, in a solvent 
such as ether, then the following equilibrium occurs.14 

2CzHsMgI * (CzH6)2Mg f MgIa (111) 
In view of this equilibrium it is inconsequential whether Reaction I or 
Reaction I1 occurred, because in either case the equivalent of ethyl- 
magnesium iodide is obtained.16 

Gilman and Schulze, THIS JOURNAL, 49, 2328 (1927). 
6 Gilman and Brown, Rec. trav. chim., 48, 1133 (1929). 

Gilman and Brown, ibid., 49, 724 (1930). 
8 Gilrnan and Schulze, J. Chem. Soc., 2663 (1927). 
9 Gilman and Brown, THIS JOURNAL, 52,4480 (1930). 

'0 Jolibois, Compt. rend., 155, 353 (1912), who prepared magnesium diethyl in 
accordance with Lohr's directions from mercury diethyl, described his compound as in- 
soluble in ether but soluble in an ethereal solution of magnesium iodide. 

l1 Hilpert and Griittner, Ber., 46, 1675 (1913). Gilman and Brown, Rec. trav. 
chim., 49,202 (1930). 

lZ We refer here not to carbides or to acetylides, but only to those types having an 
alkyl or aryl group attached directly to magnesium. 

l3 Gilman and Brown, THIS JOURNAL, 52, 1181 (1930). This refers to ether solu- 
tions. An x-ray investigation of the crystal structure of these two types should prove 
of assistance in differentiation. 

l4 Leading references to related studies may be traced back from a recent article 
by Gilman and St. John, ibid., 52,5017 (1930). 

l5 It is interesting to note that it was about forty years later that Grignard first 
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With the application of heat, the condition used in most of these prepara- 
tions, the RMgX compound might have formed first and then have been 
converted to the RzMg compound, in accordance with Reaction 111. 
It is known that such a transformation does occur on heating.=.16 Also, 
it has been generally assumed that in the formation of other organo- 
metallic compounds, the organometallic halide (RMeX) is first formed and 
then is converted to the organometallic compound (&Me) : as, for example, 
in the formation of zinc diethyl from ethyl iodide and zinc through the 
ethyl zinc iodide stage. 

Even though the equilibrium pictured in Reaction I11 probably applies 
to a great many, if not all, organometallic combinations i t  is not necessary 
to assume that the first stage in the formation of an RzMetal compound 
is the RMetalX type. The reaction might occur as follows, using mag- 
nesium as the metal.17 

2RX + Mg -+ 2R- + MgXz (IV) 
2R- + Mg --+ R2Mg (V) 

Previously, i t  was assumed that RMgX or (R2Mg + MgX2) compounds 
were formed as follows: 

RX + Mg ----t R- $ -MgX (VI) 
R- + -MgX + RMgX (VII) 

This latter interpretation has some objections,17 not the least of which is 
its lack of comprehensiveness, as in a reaction between mercury diethyl 
and a metal, where no halogen is present. Admittedly, both types of re- 
action might take place concurrently. 

Experimental Part 
The technique employed was that described earlier1 in the preparation of phenyl- 

magnesium chloride, a water pump being used to evacuate the tubes prior to sealing a t  
the vapor pressure of the liquid. The magnesium was freshly ground and of 30-80 
mesh. The qualitative color test, quantitative acid titration and characteristic de- 
rivatives were those used in other related studies in this Laboratory. 

Methyl iodide showed no reaction even after heating a t  140-150' for twelve hours. 
We have no explanation for the vigorous reaction reported by Cahours.3 However, 
because he describes his magnesium dimethyl as a volatile, intlammable liquid, we are 
inclined to the opinion that his magnesium might have contained significant quantities 
of metallic'impurities, such as zinc. 

Ethyl iodide reacts a t  room temperatures, and the yield of organometallic com- 
pound at  the end of seven days was 46%. When one equivalent of ethyl iodide was heated 
a t  120-130" for four hours with two equivalents of magnesium, the yield was 61%. 
When two equivalents of ethyl iodide are used with one equivalent of magnesium no 

prepared ether solutions of RMgX compounds. But it was just this operation of Grig- 
nard in preparing the RMgX compounds in ether which made it possible for these re- 
agents to find their wide application. 

l6 Giman and Fothergill, THIS JOURNAL, 51,3149 (1929). 
17 This interpretation is developed in a paper by Gilman and Brown, Rec. truo. 

chim., 49 (1930). 
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organometallic compound results. This is undoubtedly due to a secondary reaction 
between ethylmagnesium iodide or magnesium diethyl and the excess of ethyl iodide. 

n-Butyl iodide appears to react more readily than ethyl iodide a t  room temperature. 
I t  is interesting to note that so far we have obtained no reaction under moderate con- 
ditions between trimethylene chloro-iodide, ClCH2CH2CH21, and magnesium. 

Ethyl bromide did not react a t  room temperatures in seven days. When heated at  
120-130° for four hours a reaction occurred with the formation of magnesium bromide 
and gaseous products, but no color test was obtained. Very probably an organometallic 
compound will be obtained from ethyl bromide under intermediate conditions. Essen- 
tially the same results were obtained with n-butyl chloride and n-butyl bromide 

Methyl's and ethyl acetates have pronounced catalytic effects in initiating reaction, 
particularly with an iodide like ethyl iodide. They have practically no effect with 
methyl iodide. 

Magnesium diethyl and magnesium di-n-butyl are very soluble in ether. Magne- 
sium dimethyl is somewhat less soluble than the other two magnesium dialkyls, and a 
solution of it in ether contained in a sealed tube, deposited fine needle crystals after about 
six months' standing. The approximate solubility of magnesium dimethyl in ether is 
0.08 mole per 100 cc. of solvent. These crystals of magnesium dimethyl (or its etherate) 
are markedly similar in appearance to the related beryllium dimethyl.8 The three 
magnesium dialkyls just described were prepared from the corresponding mercury di- 
alkyls. The product obtained from ethyl iodide and magnesium is only slightly soluble 
in pure ethyl iodide. 

In  general, the orgauomagnesium compounds prepared from magnesium and a mer- 
cury dialkyl appear to be more reactive to atmospheric oxygen and moisture than the 
corresponding compounds prepared from magnesium and an alkyl iodide. Whenever 
the dry powders, prepared from the mercury dialkyls, are allowed to come in contact 
with water the mixture almost always takes fire. Ether solutions of the magnesium 
dialkyls take fire with water, but not so readily as the dry powders. The dry powders 
sometimes took fire in air, but no definite data are a t  hand because these compounds were 
always manipulated in an atmosphere of nitrogen or hydrogen. A high humidity was 
conducive to such combustion when the powders were exposed to the air. 

Summary 

A description is given of some general properties of magnesium dialkyls 
prepared from magnesium and mercury dialkyls, and organomagnesiuni 
compounds prepared from alkyl iodides and magnesium (with no solvent). 
The first organomagnesium halide, or its equivalent, was prepared by 
Hallwachs and Schafarik in 1859 in the absence qf ether, but the use of 
ether by Grignard first made possible the extensive applications of these 
compounds. 

AMES, IOWA 

l8 Methyl acetate was found by Renshaw and Greenlaw, THIS JOURNAL, 42, 1472 
(1920). to be very effective in the preparation of zinc dimethyl. 
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The natural occurrence of hydroxycinnamic acids and their internal 
lactones, the coumarins, in the free state and in glucosidic combinations 
has been demonstrated repeatedly. While ferulic acid (3-methoxy-4- 
hydroxycinnamic acid) has been observed in the free state by Pontil in 
the extract from the macerated plants of Ajuga iva, the isolation of its 
glucoside does not seem to  have been- reported. Power and T ~ t i n , ~  how- 
ever, have shown it  to be an integral portion of the chalcone, homoerio- 
dictyol (2,4,6-trihydroxyphenyl-4-hydroxy-3-methoxstyl ketone) in 
Eriodictyon californicum, and the occurrence of its related alcohol, coni- 
feryl alcohol (3-methoxy-4-hydroxycinnamyl alcohol) in the gIucoside 
coniferin is well known. The present communication describes the'syn- 
thesis of ferulic acid d-glucoside. The procedure adopted in this study 
was that of the interaction of the sodium salt of the methyl ester of ferulic 
acid with acetobromoglucose in cold alcoholic solution. This plan ma- 
terially shortened the usual method of agitation of an ether solution of 
the acetylated sugar halide with an alkaline aqueous solution of the phenolic 
acid ester. The resulting tetra-acetylglucosidoferulic acid methyl ester 
was simultaneously de-esterified and de-acetylated by treatment with 
cold barium hydroxide, yielding directly the desired glucosidoferulic acid, 
which was obtained in crystalline form. Its rotation shows it to  be the 
P-glucoside, as would be expected from its synthesis from acetobromo- 

. 

glucose. 

Experimental 

Methyl Feru1ate.-Ferulic acid was prepared by the Knoevenagel condensation of 
vanillin with malonic acid in the presence of pyridine and piperidine according to the 
directions of Robinson and Sh in~da .~  The acid (4 g.) was esterified by boiling for four 
hours under a reflux condenser with 25 cc. of absolute methyl alcohol and 1 cc. of concd. 
sulfuric acid. The oily ester was precipitated by addition of 75 cc. of water, then ex- 
tracted with ether and the ether solution was washed with dilute s6diurn carbonate, 
dried over calcium chloride, and evaporated until free of ether. The oily ester (3.6 g. 
or 84% of the theoretical) was used directly in the condensation with acetobromoglucose. 

Methyl Tetra-acetyl-0-d-glucosidoferulate (Methyl 3-Methoxy-4-tetra-acetyl- 
glucosido-cinnamate).-A solution of 3.4 g. of methyl ferulate in 25 cc. of absolute 
alcohol was treated with an amount of alcoholic potassium hydroxide (17.6 cc. containing 
0.0517 g. per cc.) sufficient exactly to neutralize the phenolic hydroxyl. The solution 
was cooled in ice and an ether solution of 6.7 g. of acetobromoglucose rapidly added. 

1 Ponti, Gazz. chim. ital., 39,II, 349 (1920). 
2 Power and Tutin, J. Chem. Soc., 91,887 (1907). 
3 Robinson and Shinoda, ibid., 127, 1973 (1925). 
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Following an immediate cloudiness a rapid precipitation of potassium bromide took 
place. Following a period of standing the salt was removed and the ether-alcohol 
solution evaporated to a sirup by an air current. Upon standing crystallization oc- 
curred, which was aided by cautious addition of boy0 ethyl alcohol. The separated 
crystals were filtered off, washed and recrystallized from 50% ethyl alcohol; yield 
5.6 g. (64% of the theoretical). 

Methyl tetra-acetylglucosidoferulate separated from its solutions in 50y0 ethyl 
alcohol in colorless brilliant platelets, almost needle-like in character. It melts to a 
clear oil a t  142-143 O (corr.). A determination of its rotation in chloroform gave a value 
of [a17 -32.3 O (0.2408 g. in 25 cc. of CHCls solution gave a reading of 0.623" to the left 
in a %dm. tube). An acetyl determination by the method of Kunz4 indicated that 
simultaneous de-acetylation and de-esterification took place (0.2304 g. substance con- 
sumed 10.8 cc. of N/5 NaOH; calcd., 10.7 sc.). A micro combustion was performed by 
Dr. R. T. K. Cornwell, to whom thanks are herewith expressed. 

Anal. Subs., 3.943 mg.: C02, 8.095 mg.; Hs0, 1.943 mg. Calcd. for C26HsoO13: 
H,5.62, C,55.74. Found: C, 55.99; H, 5.51. 

p-d-Glucosidoferulic Acid (3-Methoxy-4-p-d-glucosido-cinnarnic Acid) .-For saponi- 
fication and de-acetylation of the tetra-acetylated methyl ester glucoside an aqueous 
6% sblution of barium hydroxide was used. Two grams of the finely powdered acety- 
lated glucoside was shaken with 100 cc. of the alkali solution for eighteen hours, 
when solution was complete. The barium was precipitated successively as the car- 
bonate and sulfate and the precipitate thoroughly extracted with boiling water. Upon 
concentrating the filtrate and washings under reduced pressure a t  40" to a small vol- 
ume, the glucoside of ferulic acid separated in colorless needles. It is almost insoluble in 
cold water. It was repeatedly recrystallized from boiling water for purification; 
yield, 1.1 g. 

Glucosidoferulic acid crystallizes from boiling water, in which it is readily soluble, 
in colorless, brilliant, long, acicular needles containing one molecule of water of crys- 
tallization. This is retained a t  room temperature and ordinary humidity, but is rapidly 
lost over calcium chloride even a t  room temperature, the brilliancy of the crystal being 
replaced by a dull cottony appearance. Upon heating the glucosido acid in vacuo a t  110' 
some loss of carbon dioxide occurs and a t  189' an amount comparable to one molecule, 
although partial sublimation of the residue prevented an accurate determination. It is 
conceivable that the corresponding styrene derivative is formed as has been demon- 
strated in the case of caffeic acid (3,4 dihydroxycinnamic acid).5 

The acid melts a t  198-199 " (corr.) without appreciable decomposition to a colorless 
oil. I ts  solutions rotate the plane of polarized light to the left, its [a]? value being 
-36.8" (0.2433 g. in 10 cc. of absolute alcohol solution gave a value of -0.890" in a 1 
dm. tube). A micro analysis was carried out. 

Anal. sub;., 6.549 mg.: (202, 12.302 mg.; HzO, 3.489 mg. Calcd. for CIBHSO- 
O9.H20: C, 51.31; H, 5.93. Found: C, 51.22; H, 5.96. 

The writer takes this opportunity to express to Dr. C. S. Hudson his 
appreciation of the many kindnesses extended during the course of this 
research. 

Summary 
By the interaction of acetobromoglucose and the sodium salt of methyl 

ferulate, crystalline methyl ferulate P-d-glucoside-tetra-acetate has been 
* Kunz and Hudson, THIS JOURNAL, 48,1982 (1926). 
"unz-Krause, Ber., 30, 1617 (1897). 
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synthesized. Through alkaline saponification it has been converted to 
crystalline 6-d-glucosidoferulic acid, a glucoside which is closely related 
to the .naturally occurring coniferin. 

WASHINGTON, D. C. 

[CONTRIBUTION FROM THE INSECTICIDE DIVISION, BUREAU OF CHEMISTRY AND SOILS] 

T H E  TOXICITY O F  ROTENONE, ISOROTENONE AND 
DIHYDROROTENONE TO GOLDFISH1 

BY W. A. GERSDORFP 
RECEIVED OCTOBER 2, 1030 PUBLISHED DECEMBER 18, 1930 

The method used by the author for the study of toxicity in which the 
goldfish serves as the test animal has been described in a previous paper.2 
This method was used in studying the relative toxicities of rotenone, 
and two of its derivatives, isorotenone and dihydrorotenone. These 
substances a-ere prepared by F. B. LaForge and L. E. Smith of this Divi- 
sion3 in their researches to determine the chemical structure of rotenone. 

The chemical structure of these compounds is not yet known. The 
empirical formula of rotenone is C23H2206. I t  possesses a ketone group, 
two methoxyl groups, a lactone group and an oxygen atom which is prob- 
ably in the form of an ether linkage. LaForge and Smith reported that 
dihydrorotenone was one of the products of the catalytic reduction of 
rotenone, the reaction involving the simple reduction of an unsaturated 
bond in the rotenone molecule. I t  is now known that the double bond 
reduced is that in an isopropylene group. Xsorotenone differs from ro- 
tenone in the position of its double bond. The double bond of the iso- 
propylene group in rotenone has migrated and an isopropyl group has 
formed. The chemical relationship of these compounds will be discussed 
in a forthcoming paper by H. L. Haller of this Division. 

The data are given in Tables I to 111. The survival time curves and 
velocity of fatality curves which were plotted from these data are given 
in Figs. 1 to 3. In the former the ordinates are survival times in minutes; 
in the latter, the reciprocals of the survival times multiplied by 100. In 
both kinds of curves the abscissas are concentrations in milligrams per liter. 

These curves resemble those given by  power^^^^ to show the general 
type of toxic action to goldfish and that given by Carpenter6 to show the 

Presented as  a part of the  Insecticide Symposium before the Division of Agri- 
cultural and Food Chemistry a t  the 79th Meeting of the American Chemical Society, 
Atlanta, Ga., April 7 t o  11, 1930. 

2 W. A. Gersdorff, THIS JOURNAL, 52,3440-3445 (1930). 
3 F. B. LaForge and L. E. Smith, ibid., 51,2574-2581 (1929). 

Edwin B. Powers, Ill. Biol. Mono., 4, No. 2 (1917). 
5 Edwin B. Powers, Ecology, 1, 95-112 (1920). 
6 Kathleen E. Carpenter, Brit. J. Exptl. Biol., 4,378-390 (1927). 
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toxicity of sodium chloride to minnows (Leuciscus phoxinus). The toxic 
action does not, therefore, resemble that found by Powers in three anorna- 
lous cases in which cupric chloride, ferric chloride and cadmium qhloride 
were the toxic substances nor that found by Carpenter in tests with soluble 
salts of heavy metals including the above three and lead, zinc and mer- 
cury. However, Carpenter found that these substances showed a similar 

TABLE I 
TOXICITY TO GOLDFISH OF ROTENONE AT 27.0 1 0.2' 

No. of Mean Mean Mean 
Concn., mg. 100 fishes length of weight of surv. time, M~~~ - 

per liter used fishes, mm. fishes,' g. mlu. surv. time 

4.0 4 40 2.0 46 2.19 
3.0 3 37 1.6 46 2.16 
2.0 4 37 1.6 48 2.08 
1.0 4 39 1 .8  49 2.06 
0.90 7 38 1.7 52 1.91 

.70 7 39 1 .8  60 1.71 

.50 8 39 1 .8  57 1.82 

.30 13 39 1.8 70 1.51 

.20 16 38 1.7 65 1.55 

.10 12 42 2.3 95 1.08 
,075 10 43 2.4 115 0.87 
,050 11 41 2 .2  150 .70 
.035 12 41 2.2 252 .42 
.025 16 43 2.4 589 .23 
.015 7 . . . . . 2400 .04 

" Estimated from length. 

TABLE I1 
TOXICITY TO GOLDFISH OR ISOROTENONE AT 27.0 10.2" 

No. of Mean Mean Mean 
100 Concn., mg. fishes length of weight of surv.Jime, M~~~ 

per liter used fishes, mm. fishes,' g. m~n.  surv. t ime 

4.0 2 41 2.2 116 0.87 
3.0 1 47 3 1 ,  120 .83 
2.0 6 41 2.2 132 .76 
1.0 10 40 2.0 147 .69 
0.80 8 41 2.2 153 .66 

.50 11 43 2.4 155 .65 

.30 7 42 2.3 148 .68 

.25 10 41 2.2 162 .63 

.20 13 40 2.0 197 .51 

.15 12 44 2.6 226 .44 
.10 17 43 2.4 396 .25 
.090 1 . . . . .  470 .21 
.070 2 43 2.4 730 .14 
.060 1 . . . . . 1380 .07 
.050 1 Still alive and apparently unaffected when taken 
.025 2 out after 87 hours. 

" Estimated from length. 
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TABLE I11 
TOXICITY TO G~LDPISH OIF DIWDROROTENONE AT 27.0 A= 0.2 

No. of Mean Mean Mean 
Concn., mg. fishes length of weight of surv.. time. 100 

per liter used fishes, mm. fishek, g .  mm. Mean s G z - z z  

1.0 4 44 
0.50 8 43 
.40 2 42 
.25 12 42 
.20 16 44 
.15 13 41 
.10 14 40 
.080 13 40 
. O N  21 39 
.040 12 37 
.030 14 40 
.015 6 40 

' Estimated from length. 

general type of effect which was marked by the formation of film over 
gills and skin and resulted in death by suffocation. When less than a 
certain amount of metallic ion was present the film was shed and complete 
recovery took place. In  the tests with rotenone, isorotenone and dihy- 
drorotenone no such film formation was apparent. 

0 0.10 0.20 0.30 0.40 0.50 
Milligrams per liter. 

Fig. 1.-Toxicity curves for rotenone. 

As Osterhout7 pointed out, the values for the relative toxicities of sub- 
stances will vary according to the criterion used. There are serious ob- 

1 W. J. V. Osterhout, "The Measurement of Toxicity," J. Biol. Chem., 23, 26-70 
(1915). 
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jections to the comparison of the survival times a t  a given concentration, 
to  the comparison of the concentrations necessary to produce death (or 
any other phenomenon used as the criterion) in any arbitrarily fixed time, 
and to the comparison of the concentrations necessary to just cause death 
(threshold of toxicity concentration). These are easily seen in an inspec- 
tion of the survival time curves. Limiting concentrations vary so that 
the relative toxicities of two substances, when compared by the first 
method, will change, depending on the concentration used. For example, 
as seen in the data, at 4 mg. per liter, rotenone is apparently two and one- 
half times as toxic as isorotenone; a t  0.20 mg. it is three times, a t  0.10 
mg. four times and a t  0.075 mg. nearly six times as toxic, whereas a t  

0 0.10 0.20 0.30 0.40 0.50 
Milligrams per liter. 

Fig. 2.-Toxicity curves for isorotenone. 

0.050 mg. its toxicity becomes indefinitely greater since a t  this concentra- 
tion isorotenone is no longer toxic a t  all. Similarly, the relative toxic 
values vary when the concentrations necessary to kill in an arbitrarily 
chosen survival time are compared, and they become worthless if they 
are obtained from data falling on either that portion of the survival time 
curve approaching the horizontal or that portion approaching the verti- 
cal. If substances are compared by this single survival time method, 
this survival time should fall on the middle portion of the curve, that is, 
the portion that approaches an equilateral hyperbola. The third method, 
the comparison of the concentrations necessary to just cause death, in- 
volves the determination of values very difficult to obtain with preci- 
sion and in addition deals only with one factor in toxicity, the threshold 
of toxicity. From the velocity of fatality curves it is seen that there are 
a t  least two variables in toxicity and these apparently vary independ- 
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~ c h  other. They are the threshold of toxicity concentration 
te of increase of the velocity of fatality. Powers4 adopts as a 
toxicity a value based on the reciprocal relation of these two 

1 calculated from the equation, toxicity = d t a n  @/a, where 
:sents the slope of that portion of the velocity of fatality curve 
.oaches a straight line and a its point of intersection, when pro- 
th the x-axis. Powers designated this straight line as the 
velocity of fatality curve and the concentration represented 

nt a as the theoretical threshold of toxicity concentration. 

0 0.10 0.20 0.30 0.40 0.50 
Milligrams per liter. 

Fig. 3.-Toxicity curves for dihydrorotenone. 

nparative toxicities of the substances considered here, derived 
to this equation, are shown in Table IV. 

TABLE IV 

'E TOXICITIES TO GOLDFISH OF ROTENONE, ISOROTENONE AND DIHYDRO- 
ROTENONE AT 27 

Toxicity Relative toxicity 
a,* nig. with respect to 

jubstance ~ e r  liter Tan @b - rotenone 

?none 0.0125 0.187 3 .9  1 . 0  
otenone ,055 ,053 1 .0  0.26 
ydrorotenone .005 .I56 5 .6  1 . 4  
leoretical threshold of toxicity, i. e., the concentration necessary to just kill. 
~ t e  of increase of the theoretical velocity of fatality with increase in concentra- 
e values are based on the expression of concentration in milligrams per liter 
minutes. 

1 appear from this study that this formula for toxicity is not all 
1 be desired. Because the threshold of toxicity concentration 



for dihydrorotenone is much smaller than that for rotenone, 
toxicity of the former is nearly half again as great as that 1 

Yet there is another variable which, if considered, would altc 
tive values and bring them closer together, a relationship r 
after an inspection of the curves of the two substances. ' 

show that after reaching its maximum the rate of increase oi 
of fatality with increase in concentration decreases much 1 

in dihydrorotenone than in rotenone. It is hoped that a for 
developed which will include this third factor. On the other 
not really be significant to express the toxicity of a substanc 
value, but to define it according to the three variables, thresh0 
rate of increase of the velocity of fatality and decrease of t h i ~  

Conclusions 

The toxicity of rotenone begins a t  a higher concentration 
dihydrorotenone (about twice, according to Powers' formula) 
concentration than that of isorotenone (about one-fourth). ' 

of rotenone and dihydrorotenone increase with increase in ( 

a t  about the same rate, but this rate is lower in the case 
(about one-third). At higher concentrations, rotenone is 
and isorotenone the least. According to Powers' formula 
expression of relative toxicity based on the first two variabs 
stances have the following decreasing order of toxicity: dihj 
rotenone and isorotenone. 

WASHINGTON, D. C. 

[CONTRIBUTION FROM THE DEPARTMENT OF CREMISTRY, OHIO STAT 

THE RESOLUTION OF 1-(ALPHA-1-PIPERIDYLBE 
NAPHTHOL' 

BY WALLACE R. BRODE AND JOSEPH B. LITTMAN 
RECEIVED OCTOBER 2, 1930 PUBLISHED DECEMBER 18, 193 

In  a previous article on the condensation of secondary 
naphthols and aldehydes2 a description was given of the pi 
1-(a-1-piperidybenzy1)-&naphthol. This asymmetric amine 
series of amines which are being prepared and tested as reso 
At the present time only one synthetic arnine, namely, a- 
amine, has been used to any great extent for this work, most br 
agents being alkaloids, where only one of the two possible 
is available for use. 

An abstract of a portion of a thesis submitted by Joseph B. Lit1 
fulfilment of the requirements for the degree of Doctor of Philosophy at ' 
University. 

Littman and Brode, THIS JOURNAL, 52, 1655 (1930). 
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dl-1-(a-1-Piperidylbenzy1)-2-naphthol can be resolved easily by means 
of d-camphorsulfonic acid. It has a high specific rotation, [a]D - 211'. 
Its use as a resolving agent, however, seems to be limited to strongly acidic 
compounds. Its solubility properties are poor for an ideal resolving agent 
but it does have acceptable qualities in its ease of crystallization, stability 
in the presence of common reagents and resistance to oxidation. In  these 
latter qualities it is a marked improvement over the parent substance 
from which it is derived, l-(ar-aminoben~y1)-2-naphthd.~~~ 

From a comparison of the structural formula of 1-(a-1-piperidylbenzy1)- 
2-naphthol-d-camphorsulfonate (A) with the general formula of the aminc 
oxides (B) which have been resolved by Mei~enheirner,~ it would appear 

that there was a close relation in their configuration and one might possibly 
expect an asymmetric nitrogen atom in the f i s t  compound. Careful 
fractionation and a study of the rotation of various fractions failed to show 
any evidence of more than the two expected fractions in the resolution of 
a compound containing a single asymmetric atom. In similar attempts 
Barrowcliff and Ripping6 did not succeed in resolving benzylmethyl- 
piperidium-d-bromocamphorsulfonate and Wedekind7 found it impossible 
to resolve quaternary ammonium bases with a double linking between 
carbon and nitrogen, (PhzC=NMePhI). In the case of the amine oxides, 
Meisenheimers believes that the double bond between nitrogen and oxygen 
is semipolar, the oxygen atom figuring both as the fourth positive radical 
and taking the place of the negative ion of the ammonium salt. 

Experimental 
Thirty grams of dl-1-(a-1-piperidylbenzy1)-2-naphthol2 was dissolved in 1300 

cc. of absolute ethyl acetate on warming to 50'. To this solution, in a 2-liter round- 
bottomed flask, 22 g. of d-camphorsulfonic acid9 dissolved in 200 cc. of absolute ethyl 
acetate was added. Soon after the addition of the d-camphorsulfonic acid solution, 
small colorless rosets began to form, which, after sixteen hours' standing, were filtered 

Betti, Gazz. chim. ital., 31, I, 385 (1901). 
"Organic Syntheses," John Wiey and Sons, Inc., New York, 1929, Vol. IX, p. 60. 

ti Meisenheimer, Ber., 41, 3966 (1908). 
Barrowcliff and Kipping, J. Chem. Soc., 83, 1141 (1900). 
Wedekind, Ann., 422, 119 (1925). 
Meisenheimer, ibid., 449, 188 (1926). 
From the Eastman Kodak Co., [ f f ] ~  +20.9S0. 
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and washed with hot ethyl acetate; ~ i e ld ,  28.5 g. (Fraction I), After eight more hours 
the filtrate yielded 7.7 g. of the salt, (Fraction 11). The filtrate was evaporated to 850 
cc. from which 4 g. of the salt was obtained (Fraction 111). 

The remaining filtrate was evaporated to dryness under reduced pressure, leaving 
a residue, somewhat yellow in color, which weighed 9.2 g. (Fraction IV). The total 
yield in all four fractions was 49.4 g. (theoretical, 51.9 g.). 

Fraction I was recrystallized nine times by dissolving in 40 cc. of hot chloroform 
and then adding twice that volume of ethyl acetate. The degree of resolution and frac- 
tionation of the salts was followed by taking the optical rotation of the various fractions. 
The polarimetric observations were made on a Franz Schmidt and Haensch polarimeter, 
which was accurate to one hundredth of a degree rotation. 

The salt, after the seventh, eighth and ninth recrystallization, had a constant rota- 
tion. 0.9385 g. made up to 10 cc. with chloroform a t  20' gave a~ = +0.45'; 1 = 1; 
[a19 f-4.7". The salt from the ninth recrystallization, lev0 1-(a-l-piperidylbenzyl)-2- 
naphthol-d-camphorsulfonate, melted with decomposition a t  184-185' (corr.). 

Anal. Calcd. for C32H3906NS: S, 5.82. Found: S, 5.79%. 

Fractions 11, I11 and IV were combined and fractionally recrystallized from a mix- 
ture of chloroform and ethyl acetate. The final mother liquor on evaporation gave a 
hard yellow mass which proved to be the dextro 1-(a-1-piperidylbenzy1)-2-naphthol-d- 
camphorsulf onate. 

Preparation of the Free Amines.-Five grams of the lev0 I-(a-1-piperidylbenzy1)-2- 
naphthol-d-camphorsulfonate was suspended in 50 cc. of water and to this suspension 
100 cc. of 10% sodium carbonate solution was added. The mixture was poured into a 
separatory funnel and extracted thrice with 50-cc. portions of benzene. The benzene 
extracts were combined and dried with anhydrous sodium sulfate. The dried benzene 
solution was allowed to evaporate spontaneously in a beaker. The yield was 2.5 g. 
The levo-(a-1-piperidylbenzy1)-2-naphthol was recrystallized twice from a benzene- 
ligroin mixture, m. p. 201-202" (corr.). 

Rotation. 0.2151 g. made up to 10 cc. with benzene a t  20' gave c u ~  = -4.55; 
1 = 1; [a]: -211'. 0.2036 g. made up to 10 cc. with chloroform a t  20' gave a~ = 
-3.94; 1 = 1; [or]: -193". 

Three grams of the dextro salt was hydrolyzed with dilute sodium carbonate solution 
in the same manner as for the lev0 salt. The d-1-(a-1-piperdylbenzy1)-2-naphthol 
obtained was recrystallized twice from a benzene-ligroin mixture. The yield was 1.4 g., 
m. p. 199-200° (corr.). 

Rotation. 0.2148 g. made up to 10 cc. with benzene a t  20" gave c u ~  = +4.06; 
1 = 1; [al3; +18g0. 

Summary 

1-(a-1-Piperidylbenzy1)-2-naphthol has been resolved into its two ac- 
tive forms by means of d-camphorsulfonic acid. 
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[CONTRIBUTION PROM THE DEPARTMENT OF CHEMISTRY OF THE STATE UNIVERSITY OF 

MONTANA] 

SOME ESTERS OF TRIBROMOMETHYLPHENYLCARBINOL 

Introduction 
Tribromomethylphenylcarbinol was first prepared by Siegfried,' who 

gives no further experimental details than to state that he used the 
method of Jocitsch2 to prepare the analogous chlorine compound. The 
authorS has already submitted an improved method for the preparation 
of trichloromethylphenylcarbinol but now finds that that method must be 
further modified in order to isolate the analogous bromine compound, on 
account of its greater instability toward heat. 

Siegfried prepared only the acetic ester of this carbinol, using acetyl 
chloride as the acetylating agent. In the present study acetic anhydride 
has been used. Corrected melting points of the carbinol and its acetic 
ester as well as other new data concerning these compounds are also sub- 
mitted. 

In addition, the propionic, butyric and benzoic esters have been pre- 
pared and studied. 

Experimental Part 
Preparation of Tribromomethylpheny1carbinol.-To a mixture of 37 g. of freshly 

distilled benzaldehyde and 130 g. of dry bromoform was added with constant stirring 4 g. 
of powdered potassium hydroxide over a half-hour period. The mixture was allowed 
to stand for two hours, ether was added and the resultant mixture filtered. The filtrate 
was distilled until the temperature reached 155" a t  680 mm. It was then steam dis- 
tilled to remove the remainder of the benzaldehyde and small amounts of benzoic acid. 
The residue was washed with dilute sodium bicarbonate solution, extracted with ether, 
dried over sodium sulfate and the ether distilled off. The liquid residue crystallized 
out in one to two days. These crystals were dried on a porous plate and recrystallized 
from soy0 acetic acid. Small amounts of crude material can be recovered from the 
mother liquor by dilution. A yield of 16-18 g. of plate-like crystals melting a t  72.5- 
73.0" was obtained. 

Anal. Calcd. for CsH70Br8: Br, 66.81. Found: Br, 66.78. 
This compound is only very slightly soluble in water but readily soluble in carbon 

bisulfide, ethyl alcohol, methyl alcohol, benzene, acetone, ether, chloroform and carbon 
tetrachloride. 

Preparation of the Esters 
The acetate and propionate were prepared by heating the carbinol with the corre- 

sponding anhydrides a t  130-135' for three hours. Both readily formed plate-like 
crystals on pouring the reaction mixture into water. The acetate was recrystallized 
from 50% alcohol and the propionate from 75% acetic acid; m. p. of acetate, 133 ". 

Siegfried, Chem. Centr., 1, 606 (1899). 
Jocitsch, ibid., [5] 1, 1013 (1897). 

3 Howard, THIS JOURNAL, 47,455 (1925). 
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Anal. Calcd. for Cl0H9O2Br3: Br, 59.81 Found: Br, 59.75. 

The melting point of the propionate is 70.5". 

Anal. Calcd. for Cl1HllOzBr8: Br, 57.79. Found: Br, 57.85. 
In  the case of the butyrate the use of the anhydride did not give as satisfactory re- 

sults as butyryl chloride, with which the carbinol was heated a t  60-90" for three hours. 
Even after careful purification and distillation this ester does not solidify on standing 
For several weeks a t  room temperature. I t  is a thick viscous liquid of b. p. 205207" 
a t  220 mm., 1.779. 

Anal. Calcd. for ClzHla02Br8: Br, 55.90. Found: Br, 55.85. 

The benzoate was prepared by treatment with benzoyl chloride according to the 
usual procedure of the Schotten-Baumann reaction. On recrystallization from 95% 
alcohol clusters of needles are obtained. It melts a t  146 O. 

Anal. Calcd. for ClaH1102Br3: Br, 51.81. Found: Br, 51.76. 

The average yield of all of these esters was 85%. 
All of the esters are insoluble in water and with the exception of the benzoate 

readily soluble in carbon disulfide, ethyl alcohol, methyl alcohol, benzene, acetone, ether, 
chloroform and carbon tetrachloride, the benzoate being much less readily soluble in 
ethyl and methyl alcohols than the others. 

Summary 
Tribromomethylphenylcarbinol and its acetic, propionic, butyric and 

benzoic esters have been prepared and studied. 
MISSOULA, MONTANA 

[ CONTRIBUTION FROM THE CHEMICAL LABORATORIES OF HARVARD ~JNIVERSITY AND THE 

UNIVERSITY OP TARTU (DORPAT), ESTONIA] 

SYNTHESIS OF 1,4-PENTADIENE 

Among various series of unsaturated hydrocarbons the least explored 
field is that of the 1,4-dienes. According to Beilstein's "Handbook" 
only a few open-chain 1,4-dienes are known, i. e., hexadiene-1,4, and 4- 
propylheptadiene-l,4. The first member of the series of diolefins with 
isolated double bonds has attracted the attention of many chemists. Sev- 
eral investigators have tried to prepare 1,4-pentadiene. Demjanov2 and 
Demjanov and Dojarenko3 on heating pentamethylenediamine nitrate 
or treating 1,5-di-iodopentane with alcoholic potash obtained among 
other products a small amount of a substance which on bromination 
yielded the tetrabromide of l,4-pentadiene. Thiele4 and others tried 
to  prepare the hydrocarbon by exhaustive methylation of piperidine but 

Qeilstein, "Handbuch org. Chem.," 1918, Bd. I, p. 253. 
Demjanov, J. Russ. Phys.-Chem. Soc., 26,665 (1894). 
Demjanov and Dojarenko, Ber., 40, 2589 1908). 

4 Thiele, Ann., 319, 228 (1901). 
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obtained its isomer, l,&pentadiene. Recently Dojarenkos found that 
on catalytic dehydration of cyclopentanol a small amount of l,4-pentadiene 
is formed. All these investigators failed to obtain the pure hydrocarbon. 
The final stage of the above-mentioned reactions favors ~llolecular rearrange- 
ments. I t  seemed to the author most natural to avoid high tempera- 
tures and strong reagents, and in a manner analogous to the preparation 
of diallyl from allyl bromide6 to bind vinyl and allyl radicals, using their 
bromides and magnesium 

Starting from this point of view the author treated a mixture of vinyl 
bromide and allyl bromide with magnesium in anhydrous ether; the 
experiment was successful but the yield of the hydrocarbon was rather 
low. To increase the yield various modifications of the method were 
studied. First of all i t  was attempted to prepare vinylmagnesium bromide, 
and treat this Grignard compound with allyl bromide. Contrary to  
expectation, which was based on the researches of Austerwei17 and Kres- 
t i n ~ k y , ~  vinyl bromide did not react with magnesium in dry ether under 
ordinary conditions. Then it was tried vice versa to treat ally magnesium 
bromide with vinyl bromide, using an excess of the latter. The method 
of Gilman and McGlumphy

g 
was used for preparation of allylmagnesium 

bromide. The Grignard compound was heated in a pressure bottle with 
three times the theoretical amount of vinyl bromide: the result was nega- 
tive. One is inclined to assume that allylmagnesium bromide i n  statu 
nascendi is more active or "activates" vinyl bromide, thus favoring the 
formation of vinylmagnesium bromide. 

Further i t  was found that the size of the magnesium turnings or parti- 
cles has some effect on the yield of the hydrocarbon. The best results 
were obtained with magnesium-copper-alloy," finely ground. Increase 
in the rate of the reaction also increases the yield of the diolefin. The 
1,4-pentadiene obtained by this anomalous Grignard reaction is not 
pure; after removal of ether with strong hydrochloric acid," the liquid 
contains a fair amount of vinyl bromide, 1,4-pentadiene and 1,5-hexadiene. 

The only way to recover the pure 1,4-pentadiene is via its tetrabromide. 
The researches of Tissier and Grignard,12 v. Braun and Sobecki,13 and 

Dojarenko, J. Russ. Phys.-Chem. Soc., 58, 29 (1926). 
Meisenheimer and Casper, Ber., 54, 1655 (1921). 
' Austerweil, German Patent 245,180; Chem, Centr., I, 1267 (1912). 
* Krestinsky, Ber., 55, 2770 (1922). 

Gilman and MeGlumphy, Bull. soc. chim., [4] 43,1322 (1928). 
'0 Gilrnan, Peterson and Schulze, Rec. trao. chim., 47,19 (1928). 
" Compare Cortese, THIS JOURNAL, 51,2267 (1929). 
1s Tissier and Grignard, Compt. rend., 132,835 (1901). 
18 V. Braun and Sobecki, Ber., 44,1918 (1914). 
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others show that 1,2-dibromides react with magnesium, forming unsatu- 
rated hydrocarbons, i. e., regenerating the double bond. The same method 
was used for regenerating 1,4-pentadiene from its tetrabromide, about 
85% of the original hydrocarbon being recovered. The pure 1,4-penta- 
diene boils at 25.8-26.2'. The yield of the hydrocarbon is about 15% 
of the theoretical, based on vinyl bromide. 

Experimental 
Preparation of Vinyl Bromide.-The Swarts14 method for preparation of vinyI bro- 

mide from ethylene bromide and alcoholic potash is not quite satisfactory for preparing 
larger quantities of vinyl bromide. Therefore the method was improved by introducing 
the following modifications. 

A 1.5-1. flask with three necks is provided with a stirrer (through central neck), 
with a dropping funnel, and a dephlegmator or Vigreux column, surrounded by a jacket 

through which water a t  17" is circu- 
lated (see Fig. 1). The column is con- 
nected (in succession) with a wash- 
bottle, calcium chloride tube and a 
Staedeler condenser (cooled by means 
of a freezing mixture). The receiver is 
also surrounded with freezing mixture. 

f Into the flask is put an alcoholic solu- 
tion of potassium hydroxide, made from 
175 g. of potassium hydroxide, 350 cc. 
of water and 650 cc. of 96% ethyl alco- 

b hol. The solution is stirred and heated 
on a water-bath up to about 60". Then 
195 g. of ethylene bromide is dropped 
slowly into the flask. In a few minutes 
evolution of vinyl bromide begins. By 
circulating water in the jacket the speed 
of distillation is regulated so that the 
temperature of the vapor leaving the 
column is about 18'. The operation 
takes about an hour and a half. Then 

Fig. 1.-Apparatus for preparation of vinyl the of hydroxide 
bromide. can be removed from the flask by a 

siphon, the dropping funnel charged 
with a fresh portion of ethylene bromide and the operation started again. The yield 
of vinyl bromide from 195 g. of ethylene bromide is 90-100 g. or about 85%. Vinyl 
bromide obtained by this method is dry and pure; b. p. 16-17'. 

Ally1 bromide was prepared by the method of Adams;I6 the fraction of b. p. 70-71" 
was used. 

Preparation of 1,4-Pentadiene. (1) Under Atmospheric Pressure.-A 100-cc. round- 
bottomed pyrex flask is provided with a mercury-sealed stirrer, dropping funnel and 
Staedeler condenser, surrounded with freezing mixture; 2.65 g. of magnesium, 0.5 g. of 
iodine and 0.1 mole of ethylene bromide dissolved in about 40 cc. of dry ether is intro- 

l4 Swarts, Chem. Centr., 11, 804 (1901); Bull. acad. Roy. Belgipue, 383 (1901). 
16 "Organic Syntheses," John Wiley and Sons, Inc., New York, 1921, Vol. 1, P. 3. 
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duced into the flask; 16-17 g. of ally1 bromide in about 15 CC. of ether is then slowly 
dropped into the flask, with stirring of the mixture. In a few minutes the reaction 
starts. After the reaction ceases the flask is heated for about one hour and cooled. The 
reaction products are then distilled, using a Widmer column, and two fractions collected: 
one (i) taken up to the initial decomposition point of the etherates, and (ii) up to 36 ". 
Both fractions are cooled in a freezing mixture, then bromine is slowly added (shaking 
the flasks) until the color of bromine remains. After bromination the flasks are allowed 
to stand in a freezing mixture for about two hours. Then the ether is evaporated under 
reduced pressure, and the contents of the flasks dissolved in hot alcohol. On cooling, 
crystals (colorless leaflets) of 1,4-pentadiene tetrabromide appear. The ii fraction al- 
ways contains a certain amount of the tetrabromide of 1,5-hexadiene. The crystals 
are filtered, dried and weighed. After recrystallization from hot ethyl alcohol, the 
crystals of 1,4-pentadiene tetrabromide melt at  85.8-86 O. 

- 

Fig. 2.-Apparatus for preparation of 1,4-pentadiene under pressure. 

(2) Under FVessure.-When the reaction proceeds violently some vinyl bromide 
is carried through the condenser uncondensed. To avoid losses the reaction can be 
carried out in a closed system, under a pressure of 260-270 mm. For this purpose a 100- 
cc. round-bottomed flask is provided with a rubber stopper through which passes a 
tube with two side tubes; through the central tube is a mercury-sealed stirrer; the 
height of the mercury column is about 320 rnm. (see Fig. 2a), one side tube is fitted with 
a dropping funnel, b, the other with Staedeler condenser, c. The body of the funnel 
is connected with its outlet tube below the stopcock by means of a narrow glass tube. 
The spiral condenser is connected with a manometer, e, and a mercury seal, f. The 
height of the mercury column in f is regulated so that the pressure in the apparatus does 
not exceed 280-290 mm. 

For the production of larger quantities of the compound, a 750-cc. round-bottomed 
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flask was used. and the dimensions of other parts of the apparatus were correspondingly 
larger. 

Thirteen and two-tenth grams of magnesium and 0.5 g. of iodine were placed in 
the flask; from the dropping funnel about 100 cc. of anhydrous ether containing 1 g. of 
allyl bromide was added. In few minutes the reaction begins. The pinchcock clamp, d, 
is opened, and air is driven out by the ether vapor. Next 56 g. of vinyl bromide in 100 
cc. of anhydrous ether is introduced into the flask, and then 75 g. of allyl bromide in 70 
cc. of ether is slowly added in the course of about eighty to ninety minutes. During 
the reaction the manometer shows about 240-260 mm. pressure; when the pressure 
rises above that indicated, the flask must be cooled. After the whole portion of allyl 
bromide has been added the reaction mixture is heated on a water-bath until the pres- 
sure begins to fall. The reaction products are distilled, and the distillate is brominated. 
The yield of crude tetrabromide is about 45 g. or 22% of the theoretical from the 
vinyl bromide. After recrystallization from hot alcohol, about 25-28 g. of tetrabro- 
mide, m. p. 85-86', is obtained. 

Anal. Calcd. for CsHsBr4: C, 15.47; H, 2.08; Br, 82.47; mol. wt., 387. Found: 
C, 15.53; H, 1.99; Br, 82.52; mol. wt., 376. 

The yield of crystals under various conditions of the experiment is given in Table I. 

CHz= 
CH- 

CHzBr, 
g.  

CHI- 
CHCHzBr, Crystals, 

time of Bfo- Tetra- m. p. 
addition, mlne, bromide 85-88' 

mxn. cc. (crude), g. g. 

16.2 18 0 . 8  1 .9  1 . 2  
18.3 110 .9 . . 1.75 
16.0 16 1 . 7  . . 3 . 8  
17.4 120 2.2 6 .7  4 . 0  
15.3 30 3.3 10.2 6 . 6  

Remarks 

Mg Schering Kahlbaum 
Mg Schering Kahlbaum 
Ground Mg 
Ground Mg 
Finely ground Mg under 

pressure 
Finely ground Mg under 

pressure 
Finely ground Mg under 

pressure 

Tetrabromides of 1,4-Pentadiene.-When the mother liquor from recrystallization 
of the solid tetrabromide is diluted with water, an oily liquid is precipitated. As 
theoretically two isomeric tetrabromides are possible, an attempt was made to isolate 
the other isomer. About 160 g. of washed and dried heavy liquid was distilled under 
reduced pressure using a Widmer column as still-head. From the distillate, on cooling, 
about 60 g. of crystalline pentadiene tetrabromide (m. p. 85-86') and about 55 g. of 
diallyl tetrabromide were obtained; about 45 g. of the distillate remained liquid. After 
repeated fractionation crystals again separated from the distillates. Finally, about 
10 g. of oily bromide, boiling from 115-123 O (1-2 mm.) remained. The figures obtained 
on the analysis of the liquid did not closely correspond to the composition of pentadiene 
tetrabromide but were close to the diallyl tetrabromide. Anyhow, the supposed liquid 
tetrabromide is formed in comparatively small quantities or it might isomerize on dis- 
tillation. 

Regeneration of 1,4-Pentadiene from its Tetrabromide.-Regeneration of the 
diene was carried out in a flask provided with a stirrer, a dropping funnel and a Staedeler 
condenser. The condenser jacket was filled with freezing mixture. Between the flask 
and condenser is placed a T-piece for pushing in the dry tetrabromide (see Fig. 3). 
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The tetrabromide is put into the side tube, provided with a glas rod. B y  pushing 
forward the glass rod the aolid tetrabromide is introduced into the condenser tube, 
wherefrom the ether vapor sweeps it  down. This device allows the use of smaller 
quantities of ether because the solubility of the tetrabromide in ether is rather low, 
i. e . ,  about 13 g. in 100 W. I n  the flask are placed 12.5 g. of magnesium, 0.5 g. of iodine 
and 3 g. of tetrabromide; then 35 cc. of dry ether is added. The reaction begins im- 
mediately and 33 g. of tetrabromide in 250 cc. of dry ether is t'ren slowly added. After 
the dissolved tetrabromide has been added, 31 g.  of tetra- 
bromide is gradually pushed in through the T-piece. The 
reaction takes about two hours, after which the flask is 
warmed on a water-bath for about thirty minutes. From , 
the reaction mixture the pentadiene and ether are dis- 
tilled off. The distillate is placed in a separatory funnel, 
an equal amount of cooled concd. hydrochloric acid is 1 
added, and the contents of the funnel are shaken while ! 1 

U cooling under the tap. The mixture is allowed to settle, 
Fig, 3.-T-piece for push- 

the acid layer is drawn off and the operation is repeated. ing 
in solid pentadienetetra- 

The ether-free pentadiene is successively washed with 
bromide. 

water, sodium bicarbonate solution, and again with water, - 
then the liquid diene is dried over calcium chloride. The yield of the products from 
145 g. of tetrabromide is 18.5 g of 1,4-pentadiene, or about 73% of the theoretical. 

The total amount of 1,4-pentadiene recovered, as determined by bromination of the 
distillate is about 85%. 

The hydrocarbon was fractionated using a Widmer col*~mn as stillhead. A few 
drops of liquid passed over below 25" and about 70% of the liquid a t  25.8-26.2O. The  
whole boiled below 26 6"  The liquid has a weak characteristic odor. 

Properties of 1,4-Pentadiene.-B. p. 25.8-26.2' a t  756 mm.; 0.6594; n? 1.3883; 
mol. refraction: calcd., 24.26; found, 24.26; mol. wt. (Victor Meyer method): calcd. 
68.OQ. found, 68.66 

In conclusion, the author desires to record his thanks to Professor E. P. 
Kohler for his interest in the work, and to Mr. H. Raudsepp for checking 
the experiments. 

Summary 

1. An improved method for preparation of vinyl bromide has been 
worked out. 

2. Two modifications of a new method for the synthesis of 1,4-penta- 
diene are described. 

3. For the first time 1,4-pentadiene has been prepared in pure con- 
dition and its properties determined. 

4. The bromination products of 1,Qpentadiene were investigated 
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THE REACTIVITY OF ATOMS AND GROUPS IN ORGANIC 
COMPOUNDS. XI. THE INFLUENCE OF THE STRUCTURE OF 

THE SUBSTITUENT ON THE TEMPERATURE OF 
DECOMPOSITION OF CERTAIN DERIVATIVES OF MALONIC 

ACID 

For a number of years a major problem in this Laboratory has been 
the study of the influence of the structure of substituents on the lability 
of the atomic linkings in certain organic compounds. In the earlier work1 

the rates were determined at  which such linkings were severed when 
analogous compounds reacted with a fixed reagent under the same con- 
ditions. An interpretation of these results led to conclusions in regard 
to the effect of the structure of a radical on the lability of certain bonds. 
In  the last communication on this subject2 a second method of comparing 
the relative lability of bonds was described. The temperatures at  which 
the C-0 bond was broken by heat alone in compounds of the type ((26' 

H&C-OR were determined. I t  was shown that these temperatures could 
be determined in separate experiments within * 2 O  when the substances 
were heated under fixed conditions. A comparison of the averages of the 
values obtained in this way in the case of ten ethers with those obtained 
from the study of the same bond by means of reaction velocities brought 
out the striking fact that the two methods gave comparable results. There 
appears, therefore, to be a relation between the temperature a t  which a 
bond is broken by heat and the rate a t  which it is broken when a chemi- 
cal reaction involving this bond takes place. 

This conclusion appeared to be sufficiently important to warrant fur- 
ther investigation. Malonic acid and its derivatives of the type RHC- 
(CO0H)z decompose smoothly when heated into RHZCCOOH and CO2. 
Several such derivatives were made and the temperatures a t  which the de- 
composition began were determined. In the case of these compounds 
a C-C bond is broken. In the case of the esters previously studied a 
C-0 bond was severed. I t  was of interest to discover if there was any 
relationship between the influence of the change in the alkyl radical, R, 
on the temperatures of pyrolysis in the two series. 

In Table I are given the temperatures of decomposition of the deriva- 
tives of malonic acid and for comparison the temperatures of decompo- 

(a) Norris and others, THIS JOURNAL, 47, 837 (1925); (b) 49, 2640 (1927) ; (c)  
50, 1795 (1928); (d) 50, 1804 (1928); (e) 50, 1808 (1928); (f) 50, 1813 (1928); ( g )  50, 
3042 (1928). 

Norris and Young, ibid., 52, 753 (1930). 
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TABLE I 
EXPERIMENTAL DATA 

Temp. (OC.) Difference Temp. ('C.) Difference 
of ~n of ln Vel. constants 

decomposition decomp. decomposition decomp. RO-H with 
Radical RHC(C0OH)z temp. RO-C(CsHs)a temp. 0-NOzCsHaCOCl 

None 13 8 Methyl 
262> 20 

0.184 
10 

Ethyl 
11°> 11 

242, .85 
12 

n-Propyl "> 9 
230< .066 

9 
n-Butyl 

log> 18 2395 19 
.074 

Isopropyl 90 220 .010 

sition of the triphenylmethyl ethers containing the same alkyl radicals. 
There is also included the velocity constants of the reactions between 
p-nitrobenzoyl chloride and the alco- 
hols containing these radicals. 

It will be seen from the figures in 
the table that the temperatures a t  
which decomposition takes place de- 
crease as the radical is changed from 
methyl to ethyl and to n-propyl, but 
increase when n-propyl is replaced 9 
by n-butyl. This holds true in both k 
series of compounds. W 

It is also a striking fact that the 8 .- 
actual changes of the decomposition .% s 
temperatures are the same in the two n 
series, within the limits of accuracy 
of measurement, except in the case of 
the replacement of the methyl radical 
by ethyl. 

In  the two series the temperatures 
of decomposition fall in the same order 100 110 120 130 140 
as the velocity constants of the reac- Temperature. OC. 
tions between p-nitrobenzoyl chloride Fig. 1.-Position of mercury above an 

' and the alcohols containing the same arbitrary zero for various values of the 

alkyl radicals present in the acids and temperature. Each division = 10 cm. 
displacement: 1, ethylmalonic acid; 2, ethers. methylmalonic acid; 3, malonic acid. 

The position of the changing sub- 
stituent relative to the bond severed is the same in the two series of com- 
pounds. In  both cases the substituent is in combination with an element 
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(C or 0) a second bond of which is severed by heat. This is made clear 
by writing the formulas of the two classes of compounds as follows, and 
indicating the bonds which are severed in pyrolysis - 

H 
RC-COOH and RO-C(CaHs)s 

COOH 

The interpretation of the results leads to a reasonable conclusion. The 
change in the nature of R affects the strength of the linking between the 
radical and the carbon atom in one series and the oxygen atom in the 
other. These changes affect, in turn, the strength of the bond between 
these elements and the groups which are removed as the result of pyrolysis. 
The results furnish, thus, experimental evidence of the interrelationship 
between the afliinities of an atom. It was an unexpected fact that the 
effects on the strength of the bonds of the carbon atom and of the oxygen 
atom were approximately the same with the same change in radical when 
measured by the change in temperature necessary to bring about the rup- 
ture of the bonds of the two elements. 

Other cases of the effect of varying substituents on the temperature 
a t  which definite bonds are broken by heat are now being studied to dis- 
cover if the simple relationships here emphasized are general. Work on 
certain aliphatic hydrocarbons is well advanced. 

Experimental Details 
Preparation of the Acids Used.-The derivatives of malonic acid were prepared in 

the usual way from ethyl malonate. The acids were crystallized from benzene several 
times until the behavior was constant when melting points were determined. 

Method of Determining Decomposition Temperatures.-The method used was 
similar to that described in the paper on the pyrolysis of certain triphenylmethyl-alkyl 
ethers.2 I t  consisted, in brief, in heating the material in a closed glass tube connected 
with a horizontal capillary tube containing a drop of mercury, and recording from time 
to time the position of the mercury on a scale as the temperature was raised a t  a definite 
rate. At the decomposition point there was a marked increase in the rate in the change 
of position of the mercury. One-half gram of malonic acid and equivalent amounts of 
the other acid were used in the experiments. The temperature of the bath was allowed 
to rise one degree in approximately forty-five seconds. The observations were plotted 
and curves drawn through the points recorded. 

The accompanying plot indicates the nature of the curves obtained with 
three of the acids studied. The values of the decomposition temperatures 
recorded were obtained by plotting all the results accurately on a large scale. 

The procedure described above was checked, in the case of malonic 
acid, by a chemical method. The acid was heated in a tube connected 
with another containing a solution of barium hydroxide. Air free from 
carbon dioxide was drawn rapidly through the two tubes, and the acid and 
the solution were then introduced. The stream of air was continued, and 
the tube containing the acid was heated a t  such a rate that the temperature 
rose about one degree per minute. The temperature observed when the 
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first opalescence appeared in the barium hydroxide was taken as the decom- 
position temperature. The results obtained in this way in separate experi- 
ments agreed with those obtained by the physical method to  within +la. 

In Table I1 are given the melting points and decomposition tempera- 
tures of the acids as observed by the authors and the previously published 
values recorded in Beilstein's "Handbuch," The two sets of numbers 
in the column headed "Temperature of Decomposition Observed by Auth- 
ors" are the results of independent experiments. 

Decomp. Decomp. 
Melting points ("C.)  temp. ('C.) temp. (T.) 

Melting points (OC.) recorded in observed by recarded in 
Acid observed by authors Beilstein authors Beilstein 

Malonic 129-131 130.5 to 135.6 127 129 140-150 
* Methylmalonic 120-122 125 to 135 120 120 120 

Ethylmalonic 110-111.5 111.5 110 110 160 
n-Propylmalonic 94-96 96.0 100 98 150 
n-Butylmalonic 99.5-101.5 101.5 108 108 150 
Isopropylmalonic 85-87 87.0 90 90 120 

The melting points were determined in the usual way in capillary tubes. 
The lack of sharpness in these values was no doubt due to  the fact that  
they lie so close to the temperatures a t  which decomposition takes place. 

The decomposition temperatures recorded in Beilstein's "Handbuch" 
were determined by observing the behavior of the acids when heated in 
melting-point tubes. There is no claim for exactness. 

Summary 
1. The temperatures have been determined a t  which malonic acid 

and certain of its alkyl derivatives break down into carbon dioxide and 
monobasic acids. 

2. The influence of the radicals studied on the decomposition tempera- 
tures is of the same order of magnitude as that found in the earlier study 
of the pyrolysis of triphenylmethyl-alky1 ethers; the temperature is lowered 
in the two series as the radical is changed from methyl to ethyl t o  n-propyl 
but rises when n-butyl is present. The isopropyl radical derivatives in the 
two series decompose a t  lower temperatures than the n-propyl compounds. 

3. In  both series of compounds the decomposition temperatures fall 
in the same order, with varying alkyl radicals, as the rates a t  which alco- 
hols containing the same radicals react with an acyl chloride. There 
appears to be a relationship between the effect of a radical on the lability 
of a bond as measured by the temperature of pyrolysis and the rate a t  
which the bond is broken in a chemical reaction. 

CAMBRIDGE, MASSACHUSETTS 
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[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE UNIVERSITY O F  ILLINOIS] 

OPTICALLY ACTIVE DIAZO COMPOUNDS. DIAZOCAMPHANE 

The question whether or not a carbon atom which is attached to a diazo 
group might cause optical activity has been the subject of a great number 
of investigations during the last ten years. 

On the one hand the results of the investigations of Levene and Mileskal 

in 1921 and of Noyes and Chiles2 in 1922 imply an asymmetry of a carbon 
atom which is bound to diazo nitrogen. These investigators prepared 
the diethyl-a-diazo-succinate in which the only possible asymmetric car- 
bon atom is connected to a diazo group and they found the compound 
to possess a small optical rotatory power. This fact has recently been 
confirmed by H. Lindemann3 and his co-workers. The straight-chain 
formula established by Angeli and Thiele4 and modified by Noyes6 accord- 

ing to the octet theory explains the asymmetry of the car- 
R1 

R ~ : C : N : : : N :  bon atom (A). In  this formula the carbon atom repre- . . sents a center of asymmetry since it is bound to three differ- 
(*) ent substituents and possesses one electric charge. 

On the other hand, some qualities of the diazo compounds seem to justify 
the ring structure rather than the open-chain formulaP6 

This work has been undertaken in order to get further evidence of the 
behavior of alicyclic diazo compounds. Diazocamphane (B) contains, 
besides the carbon atom which is connected with the diazo group, the 
two asymmetric carbon atoms of the camphor. It, therefore, can be ex- 
pected to exist in four optically active modifications which give two pairs 
of optical antipodes and two pairs of stereoisomers. The d-camphor 
consequently furnishes two stereoisomeric diazo compounds and in the 
same way two stereoisomeric amines or  chloride^.^ 

The diazocamphane C~H~P,=C=N~ has been prepared in ethereal solu- 

Levene and Mileska, J. Biol. Chem., 45,592 (1921) ; 52,485 (1922). 
Chiles with Noyes, THIS JOURNAL, 44, 1798 (1922). 

3 H. Lindemann, Wolter and Groger, Ber., 63,702 (1930). 
A. Angeli, Atti accad. Lincei, [V] 32,  i, 443 (1923). J. Thiele, Ber., 44, 2522 

(1911). 
6 Kendall with Noyes, THIS JOURNAL, 48, 2404 (1926). Staudinger [Helv. Chim. 

Acta, 5,75 (1922)], by a study of the addition of phosphines to diazo compounds, also 
found the open-chain formula to be more probable. 

. 
See, for instance, Sidgwick, J. Chenz. Soc., 1108 (1929), and Lindemann and Thiele, 

Ber., 61, 1529 (1928). 
Only one of the bornyl chlorides derived from the d-camphor, the dextrorotatory 

bornyl chloride, has been known until now. Studying the reaction of the diazocam- 
phanes with hydrochloric acid, we have prepared very small amounts of the correspond- 
ing stereoisomeric levorotatory form. 
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tion from the normal and the neo-bornylamines, both of which are formed 
by the reduction of d-camphor-oxime and represent 
stereoisomers. The ethereal solution of both of the CH, 

diazocamphanes is deeply red colored and extremely 
I 

unstable. Even below 0' the compounds decompose 
HzC /r\)CN2 with the evolution of nitrogen and the formation of 

H,CCCH, 
the inactive polycyclic hydrocarbon tricycene. This H2<l.."Hz 
reaction proves the old assumption that the diazocam- 
phane is temporarily formed as an intermediate prod- 
uct in the preparation of tricyclene by the oxidation of H 

camphor-hydrazone with mercuric oxide.8 (B) 
C ~ H I ~  : C : NNHz f HgO -+ CsHls : C : N2 --+ CloHls $- N2 

Furthermore, the diazocamphane is very sensitive to hydrogen ions. 
Even carbon dioxide favors its decomposition. 

Tricyclene was found to be the only product of the spontaneous decom- 
position of the diazocamphane. No nitrogen-containing compounds such 
as ketazides or bis-hydrazones have been observed. This decomposi- 
tion is analogous to that of the diazocamphor 

CHI C H I  
C C 

Diazocamphane --+ Tricyclene 
(a-pericyclocamphane) 

Diazocamphor -+ p-Pericyclocamphanone 

When cooled to a temperature of a carbon dioxide-acetone mixture, 
the compound could be kept without appreciable decomposition for sev- 
eral days. 

Attempts to  crystallize the diazocamphane from its solution failed be- 
cause of its instability. 

The specific rotations of both of the diazocamphanes are very high, 
ranging between about +60 and +450°. 

* Friedlander, "Fortschritte der Teerfarbenfabrikation," German Patent 353,933 
(1922). Because of the instability of the diazocamphane it is impossible to prepare it 
by this reaction. Staudinger, Ber., 53,1106 (1920). 
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For determining the concentration of the diazo solutions, the gasometric 
method was used. The diazo compound was decomposed by dilute sul- 
furic acid and the volume of nitrogen evolved was measured. In some 
cases the two diazo compounds have been compared colorimetrically. 
The readings of the rotation were taken a t  about -5", at  which tempera- 
ture the compound decomposes very slowly. On account of the relatively 
great inaccuracy of this method in connection with the instability of the 
diazo compound, the values for the specific rotation vary considerably. 
The average values of the specific rotation of the diazocamphanes for 
light of different wave lengths are given in Table I. 

The dispersion curve of each of the diazo compounds shows its highest 
value in the light green part of the spectrum, beginning with a X of about 
5750 A., and then goes down very rapidly in yellow and blue light. The 
anomaly of the dispersion curve in this part of the spectrum is caused by 
an absorption band which is located a t  about A5650 A. (Cotton e f f e ~ t ) ~  
(Fig. 1 )  This absorption band is undoubtedly due to the diazo group. 
It possesses a strong vicinal effect upon the substituents of the one asym- 

C H ~  metric carbon atom of the original camphor (C), thus increas- 
I ing its asymmetry and causing the extremely high rotation.1° 

H2C-C-CNa I I j Similar effects have been observed with other alicyclic diazo 
CR2 compounds, e. g., the methyl 7-diazocamphonanate of Noyes 
(C) and KendalL6 

While the study of the single values of the specific rotation did not 
seem to give satisfactory evidence concerning a difference of the two diazo 
compounds, a consideration of the whole dispersion curves seemed to be 
more successful. The curve obtained from the normal compound rises 
very rapidly toward the green and then shows a rather slow inflection 
near the maximum. The curve from the neo-compound rises very rapidly, 
too, but then shows a very strong inflection near the maximum (Fig. 1). 

Cotton, Ann. chim. phys.. [7] 8,347 (1896). 
lo W, Kuhn. Ber.. 63,200 (1930). 
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The curves plotted from the original observations, as shown in Fig. 2, 
bring out the differences between the two compounds more clearly. I n  
these curves the inaccuracies 

Fig. 2.-Observed rotations of normal and neo-diazocamphaner 

of the volumetric determina- 
tions of the quantities present 500 

are eliminated. Two different 
450 solutions were used for each 

compound. It will be seen 

, normal; - - - --I neo. 

- 
,_----_ - 

\I 

400 - that the shapes of the two 
curves for the normal com- 2.350- 
pound are alike and are differ- 9 
ent from the shapes of the two 300 - 
curves for the neo compound. 

Another evidence showing a 250 - 
diierence of the two diazocam- 
phanes was obtained in study- 200 - 
ing their decomposition prod- 
ucts. A rather concentrated 150 

- 

ethereal solution of diazocam- 6000 5900 5800 5700 5600 5500 5400 
phane decomposes with ethe- A. 

real hydrochloric acid forming Fig. 1.-Rotatory dispersion of normal and neo- 
tricyclene and small amounts diazocam~hane: - . normal diazommphane; 
of bornyl chloride. The bornyl -: --'-- 

, neo-diazocamphane; - a - . - a - , absorp- 
tion curve. 

chloride obtained from the nor- 
mal diazocamphane was levorotatory, having a specific rotation of 
-33.2' in ether. It thus represents the stereoisomer of the ordinary 
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dextrorotatory bornyl chloride. The neo-diazocamphane decomposed 
under the same conditions with the formation of a very small amount of 
bornyl chloride, the specific rotation of which we have been unable to de- 
termine but it was found to be dextrorotatory. 

The fact that the two diazo compounds give different decomposition 
products and that their dispersion curves have different shapes indicates 
that  their structure must be different. Their behavior might be explained 
by the following diagrams. 

H H 
Normal bornylamine --+ Normal diazocamphane + Normal bortiyl chloride 

Neo-bornylamine -+ Neo-diazocamphane -+ Neo-bornyl chloride 

On the other hand, the formation of tricyclene from both diazo com- 
pounds indicates that they may have the same structure, in part. This 
can be explained by the cyclo form 

Cyclo-diazocamphane Tricyclene 

The loss of a molecule of nitrogen from this cyclo form would leave a 
bivalent carbon atom bearing two electrons. This would be followed by 
the transfer of a hydrogen ion from the CH2 group to these two electrons 
and the formation of the bridge across the ring. 

The fact that mainly tricyclene and only very little bornyl chloride is 
formed in each case indicates that the diazocamphane consists mostly 
~f the cyclic form, which is in equilibrium with the chain form. 
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This idea has recently been suggested by Lindemann,3 while Sidgwick6 
has advocated the cyclic formula. Further evidence for the existence 
of optically active chain forms has very recently been secured by Rayll 
through his study of the decolnposition of the two methyldiazocamphonan- 
ates obtained from the methyl esters of the cis and trans an~inocamphonanic 
acids. 

Experimental Part 
Normal bornylamine, CloH17NHz and neo-bornylamine are formed by the reduc- 

tion of camphor-oxime with sodium and amyl alcohol.lz Normal bornylamine is formed 
chiefly and was separated from the mixture by fractional crystallization of the chlorides 
from water. The hydrochloride of the normal amine is much less soluble in water than 
that of the neo-base. The rotation of 1.36 g. of normal bornylamine hydrochloride in 
100 cc. of absolute alcohol was [ u ] ~  f 22.6". The melting point of the free amine was 
found to be 162.5-163" and its rotation in absolute alcohol [ a ] ~  +45.g0. These 
values are in close agreement with those obtained by Forster. 

Since the bornylamine, being a very strong base, forms a stable nitrite with nitrous 
acid it is impossible to obtain the diazocamphane by treating the primary amine with 
NzOa. We therefore used the method indicated by v. Pechmann,la that of treating the 
nitroso derivative of an acyl amine with alkali. 

N,N1-Dibornylurea, (C~&I~NH)~CO, has been obtained by treating an ethereal 
solution of normal bornylamine cooled to -15' with an equivalent amount of phosgene 
dissolved in toluene. After evaporating the ether and toluene the residue was purified 
by recrystallization from aqueous alcohol.14 The urea sublimes in long needles without 
melting. In this method the theoretical yield is only 50% since one-half of the amine 
is converted into the hydrochloride. I t  can easily be prepared, however, when using 
diphenylcarbonate, giving a yield of practically 100%.16 

Mononitroso normal bornylurea has been prepared by passing carefully dried 
N203 into the ethereal solution of the urea cooled to - 15' until i t  is colored green and 
keeping the solution a t  this temperature for about two hours. The solution is washed 
first with water and then twice with an ice cold solution of sodium bicarbonate. It is 
dried by freezing out the water a t  -80' and filtering off the ice. After evaporating the 
ether the nitroso compound crystallizes in yellow needles which are quite stable a t  0' 
when kept over phosphorus pentoxide. The compound gives a positive Liebermann test 
for the nitroso group. 

Anal. Subs., 0.3205: Nz, 31.6 cc. (24O, 752 mm.). Calcd. for CI~HI~NH-CO- 
(NO)NCldIlr: N, 11.63. Found: N, 11.5. 

The crystals melt between 73 and 75" with decomposition. The nitroso compound 
is readily soluble in ether and alcohol. I t  slowly decomposes a t  room temperature, 
changing back into the urea. With sodium hydroxide or sodium methylate the yellow 
ether solution turns red, forming the diazo compound according to the equation 

KOH 
CI~HI~N(NO)CONHC~~HI-, CgH16=C=Nz + COz + CloH17NH2 

This equation shows that only 50% of the amine applied can be converted into the diazo 

F. E. Ray, THIS JOURNAL, 52,3004 (1930). 
l2 Forster, J. Chem. Soc., 73, 386 (1889). 
I3 Von Pechmann, Ber., 27, 1888 (1894). 
1 4  Neville and Pickard, J. Chem. Soc., 65,687 (1894). 
l5 Heubaum, THIS JOURNAL, 52,2149 (1930). 
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compound, which means a considerable loss of the raw material. Furthermore, the 
diazo solution is contaminated by bornylamine, which can hardly be separated. We 
therefore found the urethane derivative of the bornylamine more useful for the prepara- 
tion of the diazo compound since all of the amine is turned into the diazo compound. 
The diazo solution obtained in this way does not contain any contaminating by-products 

KOH 
CloH17N (NO) COOGHS ----t CsHis=C=N2 + COz + CaHsOH 

Normal bornyl urethane has been obtained by the action of an excess of chloro- 
ethyl carbonate on normal bornylamine, which was suspended in aqueous potassium 
hydroxide a t  0". The product was then extracted with ether and purified by recrys- 
tallization from aqueous alcohol. All of the amine was thus converted into the urethane. 
The urethane melted sharply a t  93 (Neville and Pickard found 89 ")14and gave a specific 
rotation of [CY]D -10.9' in absolute alcohol and +3.1° in absolute ether (Neville 
and Pickard found [ a ] ~  + 6.43 in chloroform). The urethane has also most easily been 
prepared by warming equivalent amounts of the amine and phenylethyl carbonate 
on the water-bath, only the phenoxy radical being substituted by the amine.B 

Nitroso normal bornylurethane was obtained in the same way as the nitroso urea. 
The yellow crystals are more unstable a t  room temperature than those of the correspond- 
ing nitroso urea, turning back into the urethane (m. p. 93 "). The compound gives a 
positive Liebermann test and a specific rotation of [ f f ] ~  +11 in ethereal solution. It 
is very sensitive to hydrogen ions and that is probably why Forsterls failed to obtain it. 

Normal Diazocamphane.-The dry solut~on of the nitroso urethane in ether was 
cooled to -20' and then a 2% solution of sodium methylate in methyl alcohol was added. 
The yellow color of the solution slowly changed to red. After standing for thirty 
minutes a t  -20" the diazo solution was washed with water to remove the sodium hydrox- 
ide and the methyl alcohol and then dried by cooling to -80'. No nitrogen evolution 
was observed at that temperature. The solution was analyzed by passing a measured 
volume (5-10 cc.) into a flask which contained dilute sulfuric acid and ether a t  exactly 
0 and which was connected with a eudiometer. The volume of nitrogen evolved was 
corrected for temperature and the vapor pressures of ether and water; 6.1 cc. of diazo 
solution gave 7.1 cc. of nitrogen a t  23" and 747 mm. This corresponds to a concentra- 
tion of 0.56%. This solution had a rotation of +2.0° for A5840 A. which gives a 
specific rotation of [a16840 +350°. A Schmidt and Haensch Universal Polarimeter was 
used and a 1000-watt lamp as a source of light. The light was sent through a spectro- 
scope to obtain light of the wave length desired. On account of the high absorption, 
especially of the green light, by the diazo compound, exact readings were very difficult 
to obtain in this part of the spectrum. 

Neo-bomy1amine.-The separation of the pure neo-bornylamine from the mixture 
of the two amines was rather difficult and has been carried out in two different ways. 
One method indicated by Forster17 consists in converting the amines into the oxamides 
and recrystallization from ethyl acetate, petroleum ether and absolute alcohol, the neo- 
bornyl oxamide being much less soluble in those solvents. We obtained a small quantity 
of the neo-bornyl oxamide in this way. The melting point was la0 and [a]n -60.1 O, 
both values in close agreement with those obtained by Forster. This method of separa- 
tion, however, can only be applied to mixtures which contain 60% or more of the neo- 
amine. Attempts to deal with mixtures containing equal amounts of the two isomers 
led to  the isolation of a compound which melts a t  100° (the "normal-oxamide" melts a t  
140') and gives a mixture of the two amines on saponification. This compound has 

18 Forster, J. Chem. SOC., 85, 1193 (1904). 
17 Forster, ibid., 77, 1152 (1900). 
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already been described by E'orster. The analysis points to the empirical formula of 
the bornyloxamide. I t  represents very probably the neo-bornyl-normal-bomyt- 
oxamide. 

Attempts to  prepare the diazo compound directly from the oxamide failed since it 
was impossible to obtain a nitroso derivative of the oxamide. 

Since this method of separation is not very satisfactory, we carried out more suc- 
cessfully the method indicated by Pope and Read,ls using d-oxymethylene-camphor. 
The d-oxymethylene-camphor was prepared by the method described by Bishop, Claisen 
and Sinclair13 and then treated with the corresponding quantity of the mixture of the 
amines which were dissolved in 50% acetic acid. The normal-bornylamine-oxymethyl- 
ene-camphor is almost insoluble in petroleum ether and acetone, and remains after 
extracting the mixture with either one of these solvents. I t  can be purified by crys- 
tallization from alcohol and then gives a specific rotation of [ a ] ~  +380° (Pope and 
Read found +330°). As much as possible of the normal compound was separated in 
this way from the mixture. The mother liquors then contained the almost pure neo- 
compound. After evaporating the mother liquors, the residue was dissolved in alcohol 
and decomposed with bromine, bornylamine hydrochloride and bromo-oxymethylene- 
camphor being formed For further purification the amine then was converted into 
the oxamide. 

Neo-borny1urethane.-The pure neo-bornyloxamide thus obtained was saponified 
with alcoholic potash and the amine converted into the urethane, using chloro-ethyl- 
carbonate. The neo-bornylurethane melted a t  37 and gave a specific rotation of [aID 
-28.0" in absolute alcohol and of [a]= -31.2" in absolute ether (Neville and Pickard 
found m. p. 36 " and [aID -9.6 " in benzene). 

Nitroso neo-bornylurethane was obtained in the same way as the corresponding 
normal nitroso compound. Its specific rotation was [ a ] ~  - 18.5 " in ethereal solution. 
In other respects it shows the same properties as the normal nitroso compound. 

Comparison of Normal and Neo-diazocamphanes.-A solution of neo-diazocamphane 
in ether which had been obtained in the same way as the normal diazocamphane was 
compared colorimetrically with a normal diazo solution which had a concentration of 
0.3470, The tubes of the colorimeter were cooled with carbon dioxide and acetone. 
According to the readings the concentration of the normal solution was to the concentra- 
tion of the neo solution as 21 to 27. The neo solution, therefore, contained 0.44y0 of 
diazocamphane, and had a rotation of a +2.03O, which for X5720 A. gives a specific 
rotation [a]azo +46S0, while the normal solution gave a specific rotation of [a]6720 
+420° in light of the same wave length. 

Exact readings of the rotation in the green and blue light were rather difficult to 
obtain because of the high absorption in this part of the spectrum. The dispersion 
curves for the specific rotation of the normal diazo compound as obtained in two different 
samples show rather high discrepancies, because of the inaccuracy of the gasometric 
method. 

The measurements of the absorption could be carried out only rather roughly since 
it was impossible to obtain accurate values because of the instability of the compound. 
At about X5650 a., however, an absorption band has been found. 

The decomposition of the diazo compounds with ethereal hydrochloric acid has 
been carried out a t  -25' and the bornyl chloride separated from the tricyclene by frac- 
tional distillation in vacuo; 0.2192 g. of the bornyl chloride obtained from the normal 
diazocamphane dissolved in 5 cc. of absolute ether gave a rotation of a -4.2". [ a ] ~ ,  
therefore, is -33.2". The amount of the dextrorotatory bornyl chloride prepared 

l8 Pope and Read, J. Chem. Soc., 103,455 (1913). 
Is Bishop, Claisen and Sinclair, Ann., 281,328 (1894). 
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from the neo-diazocamphane was so small that it was impossible to determine its specific 
rotation. 

Summary 

1. Diazocamphane has been prepared in ethereal solution from the 
nitroso urethanes of two stereoisomeric bornylamines with sodium methyl- 
ate a t  -2D0. 

2. I ts  specific rotation varies between +60 and +450 in different 
parts of the spectrum. 

3. The anomaly of the rotation in the green light is due to an absorp- 
tion band located a t  about 5650 A., caused by the =CN2 group. 

4. The shapes of the dispersion curves of the diazo camphanes pre- 
pared from the normal- and neo-bornylamine are different, thus indicating 
a difference in structure of the diazo compounds concerned. 

5. Studying the decomposition of the diazocamphanes with hydro- 
chloric acid, a new levorotatory bornyl chloride of [a]D -33.2' has been 
prepared from the normal diazocamphane. The neo-diazocamphane 
gave small amounts of a dextrorotatory bornyl chloride. Both diazo 
compounds, however, give mainly the same decomposition product, 
namely, the inactive polycyclic hydrocarbon tricyclene,' which indicates 
that  they have partly the same structure. Their behavior is explained 
by the following formulas 
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Recently, Harned and RobinsonZ showed that it is possible to deter- 
mine the hydrogen-ion concentration and activity coefficient of acetic acid 
in chloride solutions of various kinds and strengths from measurements 
of the electromotive forces of cells without liquid junctions. To  make 
their calculations, the dissociation constant of acetic acid determined by 
conductance measurements was employed. In the present study i t  will 
be shown that an exact evaluation of the dissociation constant may be 
obtained from the cell measurements alone. To demonstrate the method, 
we shall first employ Harned and Robinson's data relating to acetic acid 
in sodium chloride solutions, and then present some more accurate results 
on formic acid in sodium chloride solutions. Finally, we shall apply the 
method to some weak bases by computing the dissociation constants of 
ammonia and some methylamines from Harned and Robinson's data. 
These latter will not be so exact as in the case of the acids because of an 
approximation introduced into the calculation, and because of the special 
kind of liquid junction used in the cells containing the weak hydroxides. 

Since the dissociation constant of a weak electrolyte has usually been 
determined by the conductance method, or by electrometric methods 
which involve liquid junction potentials, it is a matter of considerable 
importance to devise a method which rests entirely upon an exact thermo- 
dynamic basis. 

Outline of the Method.-Let E represent the electromotive forces of 
the cells 

Hz/HAc(M), NaCl (m)/AgCl/Ag 

and 0.4644 the electromotive force of the cell 
H~/HCl(O.Ol)/AgCl/Ag 

Then the electromotive force of the cell 
HZ/HAc(M), NaCl(m)/AgC1/Ag/AgCl/HCl(O.Ol)/H2 

will be given by 

E - 0.4644 = 0.05915 log (0.904)2 (0.01)2 
(YECI)' m ~ m  

, or 

16.9062 E-3.7636 f log Ti% + 2 log YHCI = -log mH -- (1) 

This paper represents a part of the thesis presented by Benton B.  Owen to the 
Graduate School of Yale University, in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy. 

2 Harned and Robinson, THIS JOURNAL, 50, 3157 (1928). 
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if we take the activity coefficient of hydrochloric acid to be 0.9043 a t  0.01 
molal concentration. YHCl  is the activity coefficient of hydrochloric 
acid in the solution containing the undissociated acetic acid molecule at 
a molal concentration of (M - m H ) .  When ikf is zero, rHcl becomes 
the activity coefficient of hydrochloric acid in pure, aqueous, sodium 
chloride solutions, and will be denoted 7Gcl .  The values of E for the 
weak acid-sodium chloride cells, and 0.4644 for the reference cell were 
obtained under identical experimental conditions, so that the double 
cell indicated does not include any experimental inconsistencies. It 
shbuld also be remarked that our final results are independent of the choice 
of 0.904 as the activity coefficient of 0.01 M HCl. In Equation 1, as first 
written, the term YHCl is referred to 0.904 and enters the calculations 
only in a ratio with this reference value. Thus, a t  the start, the present 
method is considerably more advantageous than that employed by Cohn4 

and others in which their choice of this reference value influences the 
final values by several per cent. From Equation 1 we may write the 
identity 

YHCI 16.9062 E-3.7636 + log m + 2 Iog Y:,, = - log ma - 2 log o (2) 
Y a c 1  

This is Equation 14a in Harned and Robinson's paper.2 Since 
and not T H C ,  is known in salt solutions, our first step will be to  drop the 
term containing YHCl in Equation 2, and define an unreal hydrogen-ion 
concentration, mk, by means of the equation 

16.9062 E - 3.7636 + logm + 2 log yScl = - log m; (3) 

rn* would be the true hydrogen-ion concentration if yGcl was not changed 
to Y H C l  by the variation of the character of the medium caused by the 
addition of the undissociated molecule of the weak acid, HA. Since the 
activity coefficient of hydrochloric acid relative to unity a t  infinite dilu- 
tion in water is affected considerably by this variation of the medium, 
the quantity rn; will be designated throughout the following discussion 
as the "apparent hydrogen-ion concentration," which will serve to dif- 
ferentiate i t  from the true hydrogen-ion concentration. Later when we 
come to learn more of the effect of the medium on both mk and YHCI, 
we shall show how the true hydrogen-ion concentration may in all cases 
be computed. 

By subtracting (3) from (2), we obtain 
m YHCI 

log -= = 2 log - 
m~ y i C l  

which relates the true and apparent hydrogen-ion concentrations. Harned 
and Robinson estimated approximately the right-hand member of Equa- 
tion 4 by assuming that the variation of Y H C l  with M was the same for 

Randall and Young, THIS JOURNAL, 50,989 (1928). 
Cohn, ibid., 50,696.(1928). 



water-acetic acid mixtures as for water-alcohol mixtures. As a part of 
this investigation i t  will be shown that this quantity may be determined 
accurately from the electromotive forces of the acetic acid-sodium chloride 
cells. 

The thermodynamic equation for the dissociation of the acid is 
K = ~ H Y A G ~ H ~ A ~  mh = 71- = ~ i k  

Y ~ m ~ ~ o  M - ma (5) 

This equation is valid when YA equals unity a t  infinite dilution of electro- 
lyte in a given solvent. Thus, k approaches K as the ionic strength be- 
comes zero. Since our first computation yields the apparent hydrogen- 
ion concentration, m;, and not r n ~ ,  we must employ another set of quan- 
tities defined by 

The primed quantities in this equation are all apparent values because 
of their relation with m;. Further, k' does not approach K as the ionic 
strength approaches zero nor does 7: approach unity under this condition. 
Consequently, the limiting value of these functions will be written k0 and 
7:. As a result we may write 

0 0 K = -y:k = 7 3 k 1  = y$k (7) 

It should be noted here that YA corresponds to Y(,,,), the corrected ac- 
tivity coefficient, and Y: to YA in Harned and Robinson's paper. 

The Extrapolation of k' to Infinite Dilution of Both Ions and Undisso- 
ciated Acetic Acid Molecules.-If we take the logarithm of Equation 5, 
we obtain 

log K = 2 log YA + log k (8) 

For moderate concentrations, the activity coefficient of any uni-univalent 
electrolyte, referred to unity a t  infinite dilution in a given solvent, may 
be expressed as a function of the ionic strength by the semi-empirical 
equation 

210g ?A = -A .\/E + 2B p (9) 

The constant A is equal to unity for aqueous solutions, whence i t  will 
suffice for our purpose to combine Equations 8 and 9 to  give 

log k - &p = log K - 2Bp (10) 

Thus, if we plot (log k - fl~) against p, a straight line should be obtained, 
and the intercept for p = 0 will be log K. Several investigators5 have 
employed Equation 10 as a basis for similar extrapolations, but, as we 
have pointed out before, k' and not k is directly measurable. Further- 
more, since rnk and not m~ is used in calculating the ionic strength, the 
latter must be written and not p. In salt solutions of weak acids the 

Bjerrum and Unmack, Det. Kgl. Danske Videnskab. Selskab. Math.-fys. i k f d . .  
9 , l  (1929); Sihvonen, 2. Electrochem., 36,165 (1930). 
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difference between pf and p is very small and does not alter the plot ap- 
preciably. In practice, therefore (log kt - <pt) is plotted against pt, 
and although this plot is a straight line, the intercept is not log K, but 
is a quantity which we shall denote log kO. From the definition of k and 
kt, and Equation 7, we may write 

k' YA W H  M - mL I 

log - = 2 log 7- = 2 log - - log --- 
k A ma M - m a  

Since for acids of the strength of acetic the last term on the right is less 

Log k' - 47 (formic acid). 
-2.6 -2.8 -3.0 -3.2 -3.4 -3.6 -3.8 -4.0 

0.3 0.1 

h 

9 - d 
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V 

8 
V 

i 

i 

0.1 0.3 

-5.0 -4.8 -4 6 -4 4 -4.2 -4.0 -3.8 -3.6 
Log k' - 4% (acetic acid). 

Fig. 1.-Acetic and formic acids in sodium chloride solutions. Molality of 
acetic acid: A, 0.1; B, 0.2; C, 0.52; D, 1.0; E, 5.41; F, 10.2. Molality of 
formic acid: I, 2.13; 11, 1.0; 111, 0.1. 

than 0.0008 when M equals 5, it  may be neglected. Consequently, re- 
writing Equation 11 and introducing Equation 4, we obtain - - 

k' 7 A 
I Yacl  

log - = 2 log -7 = 2 log rn~ = 4 log 7;- 
k YA Y H G I  

Further, by combining this equation with (7) and (lo), we obtain 

log k' - fi = (log k O  + 2 log Y* + 4 log 2,) - 2 8  P (13) ( 



At zero ionic strength, 2 log ( Y ~ / Y ~ )  becomes 2 log I/?: by definition, 
whence by Equation 12 

Y H C ~  2 log rg + 4 log 7 = 0, when p = 0 
y ~ ~ l  

(14) 

Consequently, the bracketed member on the right of Equation 13 is log KO. 
Since p' may be written for p without appreciable error, Equation 13 

becomes 
log k' - fi = log k" - 2B p' (15) 

Figure 1 shows the plot of (log k' - dp) against p' for various concen- 
trations of acetic acid in sodium chloride solutions which has been drawn 
by the use of the data contained in Table I and from which i t  is obvious 
that straight lines are obtained. 

TABLE I 
THE APPARENT HYDROGEN-ION CONCENTRATIONS OF ACETIC ACID IN SODIUM CHLORIDE 

SOLUTIONS 
M m 2 l ~ g ~ & ~ ~  ~ o g  k' - .\I+ a' 

mn . 
0.10 0.0 . . . . 0.0 (-47438) 0.0 

- 
,0997 .02 1.  &90 .001506 -4.7830 .0215 - 
,0992 .05 1.8306 .001617 -4.7992 ,0516 - 
,1003 .05 1.8306 .001634 -4 7940 .0516 - 
.099 1 .1 1.7906 .001692 -4.8509 .lo17 - 
.lo04 .I985 1.7552 .001764 -4.9483 .2003 - 
,0991 .2 1.7545 .001741 -4.9562 .2017 

.20 . O  . . . . .O (-4.7308) .O - 
.I965 .05 1.8300 .002335 -4.7806 .0523 - 
,2018 .1 1.7900 .002471 -4.8339 .lo25 

- 
.2018 .2 1.7542 .002570 - 4.9294 .2026 

.52 .O . . . . .O  (-4.7156) .O - 

.519 .02 1.8738 .003675 -4.7359 .0238 - 

.519 .05 1.8285 .003901 -4 7614 .0539 - 

.519 .0957 1.7918 .004135 -4.7947 .0998 - 

.519 .2285 1.7481 .004337 -4.9197 ,2328 

1.00 . O  . . . . .O (-4.6694) .O 
- 

1.002 .01997 1.8702 .005475 -4.6852 .0254 - 
1.002 .049 1.8324 .005666 -4.7256 .0547 - 
1.002 . I  1 ,7882 .006051 -5.7602 .lo61 - 
1.002 .2 1.7536 .006352 -4.8466 .2064 - 
1.002 ,222 1.7488 .006350 -4 8724 .2284 

5.40 .O . . . . . O  ( - 4.2552) .O - 
5.41 .05 1.8114 ,02164 -4 3287 .0716 - 
5.41 . I  1.7800 ,02245 -4.3793 .I225 - 
5.39 . 2  1.7500 .02287 -4.4832 .2229 

10.2 .O . . . .  .O (-3.7970) . O  - 
10.2 .05 1.7914 ,05013 -3.9231 .lo01 - 
10.2 ,0992 1.7692 ,04997 -3.9953 ,1492 
10.2 .257 i .7378 .04825 -4.1921 .3053 
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The first two columns of the table are taken from Harned and Robin- 
son's data. Column 3 contains the values of log Y&, a t  the same ionic 
strength as that obtaining in the acetic acid-sodium chloride cells. These 
values were obtained from a plot of log Ygcl against Z/L of the data given 
by Harned and Akerlof,' which have been recalculated to conform with 
the value 0.904 for 0.01 M hydrochloric acid in pure water. A trial value 
of Y& was used to compute an approximate value of m&, which was then 
employed to compute a more exact value of p by which a final value of 
log 'Y&l could be read from the plot. Column 4 contains the values of 
mk, calculated by Equation 3, and Columns 5 and 6 the corresponding 

M. 
Fig. 2.-Extrapolation for log K. I, Acetic acid; 11, formic acid. 

-@--, log k O ;  - -G--- -, log k'  - dm&. 
values of the functions indicated. The quantities in parenthesis are the 
values of log ko *read from the plots in Fig. 1 for infinite dilution of ions. 
To  obtain K it  is now necessary to cross-extrapolate these values to infmite 
dilution of the acetic acid molecules. This can easily be accomplished 
since we find that k0 and K are related by 

k0  log - = 2SM K (16) 

where S is an empirical constant which we shall call the medium effect, 
and M is molal concentration of the acetic acid. Figure 2 contains a plot 

So long as mH is of the order of 0.01 molal, or less, the values of the activity Co- 
efficient of hydrochloric acid in salt solutions are practically independent of r n ~  and de- 
pend only upon p. Consequently, we have employed the 0.01 hydrochloric acid series 
throughout. This point was discussed in detail by Harned and Robinson. 

7 Harned and Akerlof, Physik. Z.,  27,411 (1926). 
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of log k0 against M .  Since a straight line may be drawn through the 
points, Equation 16 is confirmed. From this plot we find that  for acetic 
acid S equals 0.047 and log K equals -4.758, whence K equals 1.75 X 

a t  25O. 
The Effect of Change of Solvent upon the Quantities under Considera- 

tion.-According to Equation 16, we found that log k o /  I<, the x-alue of 
log (kt/k) extrapolated to zero ionic strength, varies linearly with the 
concentration of the weak acid. If we make the importunt hypothesis that 
this efect of the medium due to the undissockted acid maintains at  all ionic 
strengths or i s  independent of the electrolyte concentrations, we may combine 
Equations 12 and 16 and obtain 

kO 1 k ' 7 A 
2SM = log 2 = 2 log 7 = log - = 2 log 7 = 2 log 6 = 4 log ? (17) 

Y A k y~ mH Y ~ ~ l  

From the parallel nature of the plots in Fig. 1 and the character of the re- 
sults obtained by the application of this hypothesis, we regard i t  as a very 
close approximation. Upon the basis of this hypothesis, Equation 17 
immediately allows the calculation of the true hydrogen-ion concentra- 
tion and the true activity codcient of acetic acid in sodium chloride 
solutions from the data in Table I. I t  also furnishes an evaluation of 
THCl, the activity coefficient of hydrochloric acid in sodium chloride solu- 
tions containing undissociated molecules of acetic acid. Since Equa- 
tion L? zEF-IT.,z-&2F tbf C2~IfeCt:;zr, ht',>.r.-Ecz the C12+-2, S2:t -Gd 
the thermodynamic quantities under consideration, we shall summarize 
the approximations involved. Reading from left to right, we shall con- 
sider each sign of equality in turn. The first equality is empirical and is 
justified by Fig. 2. The second is definitional and follows from Equa- 
tion 7. The third involves the hypothesis that the medium effect is inde- 
pendent of the presence of ions. The fourth and sixth equalities are defini- 
tional, and the fifth involves neglecting the small term, log ( M - m L ) / -  
(&I--mH), which, however, may be retained, as in Equation 11, if the 
accuracy of the data would seem to justify this complication. 

Properties of the Salt-Free Acetic Acid Solutions, and an  Alternate 
Extrapolation for K.-The dotted line, Fa, in Fig. 1 near that for 10.2 M 
acetic acid is the plot of (log k' - m) against m ,  the sodium chloride 
concentration. If this is assumed to be straight, its intercept is nearly 
equal to (log k' - dm&) for 10.2 acetic acid in pure water. A more ex- 
act value may be obtained from the equation 

2 log m;, = R + 6; f log (M-mh) (18) 

in which R equals (log k' - &A). Approximate values of R and m&- 

(= are read from the plot, substituted in the right side of Equation 18 
and solved for a more exact value of m:, which in turn is used to read a 
more exact value of R from the plot. By repetition of this process until 
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Equation 18 is satisfied, exact values of R and rnk may be obtained. These 
are given in Table I1 together with the true values of r n ~  and log YA calcu- 
lated by Equation 17. The noticeable irregularity of these values of log YA 

is due to the fact that they represent the difference of two relatively large 
quantities and include the experimental discrepancy between the experi- 
mental points and the straight line in Fig. 2. Figure 2 also contains the 
plot of (log k' - 4;;) against M, shown as large circles through which 
a straight line (dashed) extrapolates to log K. This value of K is almost 
exactly 1.75 X and thus corresponds very closely to that obtained 
by means of the log kO, M plot. 

Measurements of Cells Containing Formic Acid in Sodium and Potas- 
sium Chloride Solutions at 2S0.-The electrodes, cells and technique 
employed in these measurements were the same as described by Harned 
and Robinson. Table I11 contains the data. The significance of the 
various quantities is obvious from the previous discussion of acetic acid. 
Column 2 gives the observed electromotive force corrected to one atmos- 
phere pressure of hydrogen and divided by 0.05915. All cells which at- 
tained equilibrium are included in the table. The electromotive forces 
of the entire 0.1 M formic acid series in potassium chloride and above 
0.025 for m in the sodium chloride solutions are the means of duplicate 
cells. The average deviation of the individual values from the mean 
was about 0.04 millivolt for the latter and 0.09 for the former. The data 
for more concentrated formic acid solutions were obtained with some- 
what less care since they were intended only to determine the value of the 
medium effect. 

Figure 1 contains the plot of (log k t  - 4 7 )  against p t ,  and the extrapo- 
lated values of log k0 are given in parentheses in Table 111, Column 5. 
The curve for 0.1 M formic acid in sodium chloride solutions, for which 
the highest accuracy is claimed, gives striking confirmation of the validity 
of Equation 15 up to pt = 0.2. The data for 0.1 M formic acid in po- 
tassium chloride solutions are not included in Fig. 1 since it extrapolates 
to the same value of log k0 as the corresponding sodium chloride curve, 



Dec., 1930 DISSOCIATIoN CONSTANTS OF WEAK ACIDS AND BASES 5087 

TABLE XI1 
TXIE APPARENT HYDROGEN-ION CONCENTRATION OF FORMIC ACID IN POTASSIUM AND 

SODIUM CHLORIDE SOLUTIONS 

0.10031 Formic Acid, m Potassium Chloride 
112 

E 
j 5  2 Log 7 : ~  1 m h  I , O ~  k' - 4 7  ma ~ o g  YA 

. . . . .  -- . . . . 0.0 (-3.7413) 0 0  0.0 
0 05 7.53339 1.8228 .005110 -3.7965 .005048 - .0897 

. I  7.25630 1.7807 .005329 -3.8489 .005264 - .lo84 - 

.2 6.97667 1 7398 .005573 -3.9377 .005505 - .I285 - 
5 6.61420 1.7076 ,005531 -4.2021 .005464 - .I251 

1 0  6.32291 1.7134 .005337 -4.5257 ,005274 - .I091 
1 .5  6.14505 7413 .005026 -4.8034 ,004965 - .0823 - 
2 0 6.01369 1.7800 .004666 -5 0587 .004609 - .0492 

- 
3.0 5.80423 1 8700 .004095 -5.4918 .004046 ,0088 

0.10031 Formic Acid, m Sodium Chloride 
. . . . .  - .... 0.0 (-3.7413) 0.0 0.0 

0 005 8.48690 1.9147 .DO4603 -3.7530 .004547 - .0431 - 
.01 8.19358 1.8966 ,004714 -3.7550 - 004657 - .0538 
.025 7.81234 1.8616 .004918 -3.7689 .004858 - ,0727 - 
.05 7.52713 1.8269 .005136 -3.7921 .005073 - .0920 - 
. I  7.24277 1.7884 .005401 -3.8370 .005336 - .I145 - 
.2  6.95909 1.7537 .005621 -3.9302 .005553 - .I323 - 
.5 6.57346 1.7287 .005788 -4.1617 .005717 - .I454 

1.0 6.24937 z.7694 .005558 -4.4896 .005490 - .I272 - 
1.5 6.03686 1.8285 ,005275 -4.7604 .005211 - .lo39 - 
2.0 5.86695 1.9008 ,004953 -5.0056 .004893 - .0758 
3.0 5 58445 0.0740 .004247 -5.4595 .004196 - .0075 

1.000 Formic Acid, m Sodium Chloride 
. . . . .  . . . .  0.0 (-36300) 0.0 0.0 

0.02 7.3508 1.8480 .01836 -3.6602 ,01604 - - .0858 
.02 7.3569 1.8484 .01808 -3.6726 .01581 - - .0793 
.05 6.9772 1.8133 .01880 -3.7059 .01413 - - .0962 
.1  6 6877 1.7814 .01970 -3.7484 ,01722 - - .I168 
.15 6.5263 1.7624 .01990 -3.8059 .01739 - - .I211 
.2 6 4045 1.7504 ,02031 -3.8451 .01775 - .I302 

2.1253 Formic Acid, m Sodium Chloride 
. . . . .  - . . . .  0 0 (-3.5100) 0 .0  0.0 

.01 7.4350 1.8448 ,03047 -3.5546 .02288 - ,0754 
- 

.01 7.4284 1.8440 .03099 -3.5411 .02328 - - .0829 
.05 6.7464 1 .SO24 .03280 -3.5769 .02463 - - .lo76 
. I  6.4573 1.7750 .03399 -3.6238 .02553 - - .I232 
.1 6.4585 1.7750 .03389 -3.6261 .02546 - . I 2 2 1  - 
.2 6.1677 1 .7480 .03523 -3.7114 .02646 - .I389 

and diverges too slightly (to the right of Curve 111) to be clearly distin- 
guished on the scale used. 

The fact that the value of log k0 is thus apparently independent of the 
salt used in the solutions of finite ionic strength is obviously an indication 
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in favor of the assumption leading to Equation 17, but much stress should 
not be laid upon this point since high accuracy is not claimed for the po- 
tassium chloride series, and exact agreement must depend on the values 
for Y& in sodium and potassium chloride solutions given by Harned 
and her lof .  

Curve I1 in Fig. 2 shows the extrapolation for log K for formic acid. 
The extrapolation represented by Equation 16 is shown by the solid line 
and leads to the values of 0.0585 and -3.753 for S and log K, respectively. 
K therefore equals 1.77 X lo-* a t  25O. 

The dashed line is based upon values of m; equal to 0.004482, 0.01732 
and 0.03015 in 0.1, 1 and 2.13 M salt-free formic acid solutions, respec- 
tively, and extrapolates to approximately the same value of log K. From 
the value of S for formic acid and Equation 17, the true values of the 
hydrogen-ion concentrations and activity coefficients have been calcu- 
lated from the apparent values, and included in Table 111, Columns 6 
and 7. 

The values for rA for the 0.1 M formic acid-sodium chloride series 
may be expressed by the same type of equation, which holds for a strong 
electrolyte in similar solutions. Thus, the equation 

log y~ = - O 5  '+ 0.095~ 
1 + 1.175-\/F. (19) 

is valid up to an ionic strength of 3 to within a maximum deviation of 
1.75% and an average deviation of 0.85%. Since the dielectric constant 
of 0.1 M formic acid is not appreciably different from that of water, we 
have retained the universal constant of 0.5 derived from the Debye and 
Hiickel theory. This calculation shows that by employing the definition 
of the ionic activity coefficient of a weak electrolyte which Harned has 
applied to water, and Harned and Robinson to weak acids and bases, 
we arrive at the conclusion that these quantities may be numerically and 
theoretically treated by the same methods that were used in the cases of 
strong electrolytes. 

The Dissociation Constants of Some Weak Bases.-By employing the 
data of Harned and Robinson on the methylamines and ammonia in 
aqueous sodium chloride solutions, we can determine only one value of 
k0 for each base. In order to calculate the true dissociation constants, 
K, from k0 we have shown that it is necessary to know the values of the 
medium effects, S, which require additional data for a t  least two concen- 
trations of base. Even though exact values of S are unknown, our method 
of extrapolation can be shown to be applicable to solutions of these bases. 
In  Table IV are shown the values of mbH determined by Harned and 
Robinson, and the values of and (log k' - ~'j-7) calculated therefrom. 
These latter are plotted in Fig. 3. Since, on account of the experimental 
difficulties, the points a t  high dilution are scattered, it was impossible 
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TABLE 1V 
THE EXTRAPOLATION FUNCTIONS FOR WEAR BASES IN SODIUM CHLORIDE SOLUTIONS 

0 5030 M NHa, NaCl (m) 0.1987 (CHs)zNH, NaCl (m) 
m log kt- 45 m m b ~  log k'-di;i 

0.0 0.0  (-4.700) 0.0 6.0 (-3.265) 
.1  .004382 -4.738 .02 . 01178 -3.308 
2 .004683 -4.809 .05 ,01273 -3.310 

.5 .005159 -4.983 .1 .01403 -3.310 
1 .005621 -5.200 .2 .01620 -3.307 
1.5 .005776 -5.400 .5 .01879 -3.428 

0.1989 CHsNI&, NaCl (m) 1 .02204 -3.572 
0.0 0.0 (-3.340) 1 -5  ,02410 -3.713 

.02 .01098 -3.369 0.1891 (CHa)sN, NaCl (m) 

05 .01191 -3.369 0.0 0.0 (-4.245) 
.1 .01293 -3.383 .1 .004502 -4.283 
.2 .01431 -3.418 .2 .DO5080 -4.306 
.5  ,01665 -3.537 .5 .006268 -4.379 

1 ,01857 -3.728 1 .007296 -4.537 
1.5 01984 -3.890 1.5 ,008136 -4.665 

to determine values of log k0 by depending only on the points below 0.3 
. Consequently, the data were plotted to about 1.5,~' and the extrapo- 

P. 

Fig. 3.--Weak bases in sodium chloride solutions. A, 0.503 M 
N&; I, 0.199 M NHa(CH3); 11, 0.199 M NH(CH&; 111, 0.189 M 
N(CB)s. 



5090 HERBERT S. HARNED AND BENTON B. OWEN VO~. 52 

lation was accomplished by the use of long curves in such a way that a 
straight line was approached a t  dilute ionic strengths. The values of 
log k0 so obtained are included in Table IV in parentheses. The corre- 
sponding values of k0  are shown in Table V and compared with the ac- 
cepted values of K calculated from conductivity measurements. Disre- 
garding for the moment the trimethylamine solutions, our values of k0 
are all slightly higher than those of K,  and our experience with the medium 
effect would lead us to expect this according to Equation 16. In the 
absence of sufficient data to evaluate S exactly, we have assumed that 
the value of 0.047 for S, previously found for acetic acid, is applicable 
to  each basic solution and have calculated the corresponding values of 
K. These are included in Table V and agree satisfactorily with those 
derived from conductivity data except in the case of trimethylamine. 
In  this case we believe the discrepancy is considerably greater than the 
experimental error of the measurements, or in the estimation of the medium 
effect. It should be mentioned that the medium effect must in all proba- 
bility be intimately connected with the difference between the dielectric 
constants of water and the weak electrolyte, and since acetic acid and the 
bases under consideration have dielectric constants of approximately 
the same magnitude, our assumption of equality of medium effect is 
logical. Indeed, for the particular concentrations with which we are 
dealing, an error of 50% in the assumed value of S would only cause an 
error of 4.3% in K in the cases of the amines, and of 10% for ammonia. 

TABLE V 

DISSOCIATION CONSTANTS OF WRAK BASES X 10-5 
Source NIL CIIaNII2 (CH3)zNII (CH3)zN 

"Int. Crit. Tables," Vol. VI 1 81 40.0 50.0 6.50 
This paper (K) 1.79 43.8 52.0 5.45 
This paper (k ") 2.00 45.7 54.3 5 69 

Conclusions and Summary 
1. By the use of the extrapolation function. (log k' - dp), we have 

evaluated the dissociation constants of acetic and formic acids from 
measurements of cells without liquid junction. This method is thermo- 
dynamically sound, and employs no extra-thermodynamical postulates. 
The accuracy of the numerical values obtained depends entirely upon the 
validity of the empirical extrapolation function used, and the accuracy 
of the experimental data. 

2. By means of Equation 17, the hydrogen-ion concentrations and 
ionic activity coefficients may be computed in aqueous solutions contain- 
ing both the weak acid and salts a t  various concentrations. The logarithm 
of the activity coefficients of these electrolytes, referred to unity a t  infinite 
dilution in water, varies linearly with the weak acid concentration accord- 
ing to the law expressed by Equations 16 and 17. This law is valid a t  zero 
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ionic strength and, further, we believe that it is valid, or very nearly so 
a t  all salt concentrations. This latter statement may be verified by com- 
puting the activity coefficients relative to unity in a given solvent a t  var- 
ious concentrations of the undissociated acid molecule. The results thus 
obtained agree reasonably with what is to be expected according to  the 
Debye and Hiickel theory. Since Harned and Robinson considered this 
matter, we have not considered it in detail in the present investigation. 

3. Our value of 1.75 X for the dissociation constant of acetic 
acid agrees closely with 1.785 X lo+, recently computed by DaviesB 
by applying viscosity corrections to the conductivity data of KendalLg 
On the other hand, our value of 1.77 X for formic acid is considerably 
lower than 1.87 X obtained by Davies with an extrapolation of Auer- 
bach and Zeglin'sI0 conductivity data a t  IS0. 

4. Values for the dissociation constants of ammonia, and the mono-, 
di- and trimethylamines were computed by the same method from Harned 
and Robinson's data, and compared with those recently compiled. 

5 .  The present investigation, following that of Harned and Robinson, 
demonstrates how it is possible, from measurements of cells without liquid 
junction, to evaluate the thermodynamic behaviors of weak acids and 
bases in salt solutions, and to determine their dissociation constants by 
a method which is thermodynamically exact. 

NEW HAVEN, CONNECTICUT 

[CONTRIBUTION FROM THE STERLING CHEMISTRY LABORATORY O F  YALE UNIVERSITY] 

THE ACID AND BASE CONSTANTS OF GLYCINE FROM CELLS 
WITHOUT LIQUID JUNCTION1 

In this study of aqueous solutions of glycine, we shall assume with 
Bjerrum2 that the neutral ampholyte molecule in solution exists as "zwit- 
terion," to be designated hereafter "amphion," but our numerical results 
do not depend upon the validity of this assumption. We further assume 
complete dissociation of sodium glycinate and glycine hydrochloride in 
the solutions with which we are concerned, thus 

ClNH3CHzCOOH A C1- + +NH3CH2COOH, and 
NHzCH2COONa A Na+ + NH2CH2COO- 

Davies, Phil. Mag., [7] 4,244 (1927). 
9 Kendall, J. Chem. Soc., 101,1285 (1912). 

lo Auerbach and Zeglin, Z. physik. Chem., 103, 191 (1923). 

1 This paper represents part of the d+tation presented by Benton B. Owen to 
the Graduate School of Yale University, in-partial fulfilment of the requirements for the 
degree of Doctor of Philosophy. 

2 Bjerrum, Z. physik Chem., 104,147 (1923). 
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or if the sodium glycinate be hydrated 
HONHaCHzCOONa - Na+ + HONH,CHeCOO- 

The amphcation and amphanion being weak electrolytes, their incom- 
plete dissociation may be represented by 

+NH8CHzCOOH +NHaCHzCOO- + H+, and 
Hz0 + NH2CH2COO- +NH3CH2COO- + OH-, or 

HONHaCH2COO- F==! +NHsCHzCOO- + OH- 

For reasons of simplicity we shall hereafter write G- for the amphanion. 
NH2CH2COO-, Z* for the amphion, +NH3CH2COO-, ZOH- for the 
hydrated amphanion, HONHBCH~COO-, and ZH+ for the amphcation, 
+NH2CH2COOH The above equations then become 

ClZH - C1- + ZH+ (1) 
NaG - Na+ + G- (2) 

NaZOH Na+ + OH- (2a) 
and 

ZH+ e Z t  + H +  (3) 
Hz0 + G - e  Z' f OH- (4) 

ZOH- Z* + OH-, and (44  
HzO + G- F--' ZOH- (5)  

The exact thermodynamic equations for the acid and base equilibria in 
water, in the absence of any effect upon the medium due to the presence 
of glycine, we represent by 

- Yz* YOH- mz*  OH- 
B--  = Ygh2 kBhr and 

YZOH- m z o a -  
(74  

The "Y's" are the activity coefficients, and the "m's" the molal concen- 
trations of the species denoted by the subscripts. Kh is the equilibrium 
constant for the hydration of the glycinate ion, and KA and KB are the 
dissociation constants defined by Bjerrum for glycine as acid and base, 
respectively. kA,  and kg or kBh, are the concentration terms in these 
constants, and YAP and YB or YBh, the corresponding activity coefficients 

Now in the measured solutions some neutral glycine is always present in 
varying amounts. This alters the properties of the medium, the dielec- 
tric constants for e~ample ,~  and, therefore, influences the activity coeffi- 
cients. This "medium effect" has been examined in some detail in a pre- 

3 Neutral glycine increases the dielectric constant of water [Fiirth, Ann. Physik, 
70,63 (192311. 
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vious communication by the a ~ t h o r s , ~  and will be referred to later in this 
paper, so for the present it will only be necessary to state that our measure- 
ments yield "apparent" values of the concentrations and activity coef- 
ficients defined by the equations 

It is important to note that the present investigation does not enable 
us to differentiate between the hydrated and ~tnhydrated amphanion. 
We obtain numerical values for a "Y" which may be either rB or YBh, 
and a "k" which may be either k ~  or K B ~ .  This is another illustration 
of the fact that thermodynamics alone does not yield information regard- 
ing the nature of the species present or the process taking place. There- 
fore, for reasons of convenience, we shall employ Equations 6, 7, 6' and 7' 
and keep the mathematical expressions in formal agreement with those of 
B jerrum. 

The "medium effect" is a function of the concentration, M ,  of the 
weak electrolyte causing a variation in the medium, and its evaluation 
requires the study of a series of apparent concentrations for several values 
of M. In this first study of ampholytes by cells without liquid junction, 
time restricted the measurements to one value of M only, and for this 
value we selected 0.1. This concentration is high enough to prevent 
certain experimental difficulties with the electrodes, and small enough 
to involve only a very small medium effect (probably of the order of 1%). 
Although we cannot evaluate the small medium effect in this research, 
we will consistently employ equations which take it into account (primed 
equations), so that this preliminary paper may serve both as an illustra- 
tion of the method, and as an exact basis for a more detailed investigation, 
now under way, concerning the medium effect in glycine solutions. 

Experimental Procedure 
The cell measurements involved the use of 0.1 molal solutions of glycine hydrochlo- 

ride, sodium glycinate and sodium hydroxide. Although alkaline solutions of glycine 
are relatively stable toward boiling, they are rapidly decomposed by oxygen in the 
presence of finely divided copper." Because of the platinum black on the hydrogen 
electrodes, it was considered necessary to remove all traces of oxygen from the solutions 

Harned and Owen, THIS JOURNAL. 52,6079 (1930). 
6 Traube and Schijnewald, Ber., 39, 184 (1906). 
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during their preparation, and to take every precaution to exclude contact with air during 
transfer to the cells. An approximately molal solution of sodium hydroxide was pre- 
pared by decanting sufficient saturated sodium hydroxide into a flask of thoroughly 
boiled distilled water, cooled in a stream of hydrogen, and kept thereafter under a pres- 
sure of this gas slightly above atmospheric. The solution was standardized against 
molar hydrochloric acid by means of a 500-cc. weight buret fitted with stopcocks allow- 
ing it to be filled and used in an atmosphere of hydrogen only. Next, a six-liter pyrex 
flask was fitted with a siphon tube bearing a three-way stopcock, an inlet tube with stop- 
cock and a short filling tube bearing a 5-mm. bore stopcock through which the tip of the 
weight buret could be thrust against a stream of escaping hydrogen. Thirty-five grams 
of dry ammonia-free glycine was weighed into this flask with sufficient water to make the 
solution 0.1 molal in sodium glycinate (allowance being made for the water to be added 
later with the alkali). The glycine solution was boiled and cooled in a stream of pure 
hydrogen, and kept under a slight pressure of this gas. The boiling was done before 
the alkali was added to avoid the remote possibility that there might be some decomposi- 
tion before the last traces of oxygen were removed. Then, by an approximate calibra- 
tion of the weight buret, the calculated amount of sodium hydroxide solution was de- 
livered into the flask through the large bore stopcock against a brisk counter current 
of hydrogen. Several weighings were necessary as the last few tenths of a cc. were added, 
but no air came in contact with the solutions during the manipulations. Since the flask 
had been tared, the weight of water lost during boiling was calculable, and an equal 
amount of water, previously boiled and cooled in hydrogen, was admitted through the 
large stopcock. A similar six-liter flask was fitted up, and in it was prepared an oxygen- 
free 0.1 molal solution of sodium hydroxide in the manner just described. This solution 
was to serve as reference solution in one side of the amalgam double cells. Since the 
same cells and technique are to be employed later with the glycine hydrochloride cells, 
the 0.1 molal glycine hydrochloride solution was prepared from glycine and molar hydro- 
chloric acid solution in a manner similar to the sodium glycinate solution. 

The addition of known amounts of salt to portions of the sodium glycinate solution 
was carried out in the following manner, and this method also applies mutatis mutundis 
to the glycine hydrochloride solution. Pure dry sodium chloride was weighed into 
200-cc. solution flasks fitted with intake and delivery tubes bearing stopcocks. The 
Basks were then warmed and alternately evacuated and filled with hydrogen to remove 
the last traces of air, and finally filled with hydrogen. The delivery tube of the flask 
was then connected to the siphon tube of the sodium glycinate storage flask through a 
T-tube arranged so that it could be alternately evacuated and filled with hydrogen, 
thus permitting transfer of solution without the slightest contamination with air. 
The amount of solution received by the solution flask was then determined by weighing, 
and the molality of the sodium chloride calculated. The reference solution of 0.1 molal 
sodium hydroxide was transferred in a similar manner to solution flasks containing no salt. 

The amalgam cells employed were of the usual type described by Harned6 and 
Akerlof? except for minor alterations, and a slight reduction in size. I n  operation each 
cell contained about 75 cc. of solution, and each bubble tube about 25 cc. Before filling 
the cells they were fitted with solid rubber stoppers, and connected to the bubble tubes 
and solution flasks with thick rubber tubing, wired in place. Then the cells, bubble 
tubes and connections together were alternately exhausted and filled with hydrogen, and 
iinally exhausted, so that when the stopcocks to t$e solution flasks were opened, the 
solutions were drawn into cells and bubble tubes containing traces of hydrogen and 
water vapor only. At this point the cells contained more solution than needed, so the 

6 Harned, THIS JOURNAL, 47, 676 (1925). 
7 Bkerlof, ibid., 48, 1160 (1926). 
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excess was made to serve the purpose of excluding air while the limbs of the amalgam 
droppers and hydrogen electrodes were being substituted for the solid rubber stoppers 
closing the cells. Thus, while this replacement was being quickly made, the pressure of 
hydrogen from a bubble tube was forcing excess solution out of a cell between the rim 
and a stcpper beariog an electrode, so that the time of simultaileous contact between 
electrode, air and solution was quite negligible. The amalgam droppers were fitted 
similarly. 

The flow of hydrogen through the cells was begun immediately, and continued a t  the 
rate of about three bubbles per second for two or three hours before the flow of amalgam 
was begun. The droppers contained about 30 cc. of amalgam and required about six 
minutes to empty. The potentiometer was read thirty seconds after the flow of amal- 
gam was begun, and then two or three times per minute thereafter. In  general, the read- 
ings increased slightly during the &st two or three readings, and then decreased stea

di

ly. 
The difference between the maximum and minimum readings varied roughly in an in- 
verse manner with the salt concentration. Thus, for cells with zero salt concentration, 
the variation was 0.3 to 0.5 millivolt, while for 2 molal salt the difference was less than 
0.1 millivolt. 

The Determination of the Dissociation Constant and Activity Coeffi- 
cient of Glycine as Base.-The electromotive force of the cell 

H~/NaOH(O.l)/Na,Hg/NaG(O.l), NaCl(,)/He (1) 

at  25' is given by 
E = 0.05915 log 

(0.766)2 (0.1)2 aaa  
(TN~OH)' (m + 0.1) m o ~  amo(0.1) (9) 

where a ~ ~ 0 c o . l )  is the activity of water in 0.1 M sodium hydroxide, and 
a ~ , ~  is its activity in the sodium glycinate-chloride solution; 0.766 is the 
value of the activity coefficient of 0.1 M sodium hydroxide given by 
Harned and Akerliif.~ It is important to note that our final results are 
independent of this choice of reference value. We shall let a~,o(o.l) equal 
unity, and write Equation 9 as 

16.9062 E + 2.2315 + 210g + log p = -log moa 
am0 

(10) 

by which m o ~  can be evaluated if we know YNaOH/Z/aHpO, the activity 
coefficient of sodium hydroxide in sodium glycinate-chloride solutions. 
This we do not know, but Y G a O H / a ,  the activity coefficient of sodium 
hydroxide in sodium chloride solutions has been determined by 
Substituting this value in Equation 10 we can calculate an apparent (un- 
real) hydroxyl-ion concentration defined by 

Y&OH 16.9062 E + 2.2315 + 2 log - + log p = -log m;, (10') dGL - 
and anticipated in Equations 6' and 7'. Values1° of Y G ~ o ~ / ~ ~ $ ~  were 

8 Harned and Akerlof, Physik. Z., 27,411 (1926). 
9 Harned, THIS JOURNAL, 47,648 (1925). 
lo So long as m o ~  is of the order of 0.01 molal or less, the values of the activity co- 

efficient of sodium hydroxide in salt solutions are practically independent of moa and 
depend only upon p. Consequently, we have employed the 0.01 sodium hydroxide series 
throughout. 
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recalculated from the data of Harnedg to conform to the value 0.901, 
given by Harned and Akerlof,~ for the activity coefficient of 0.01 molal 
sodium hydroxide in pure water. Table I contains these values a t  corre- 
sponding values of p read from a plot. The electromotive force, E, is 

TABLE I 
THE THERMODYNAMIC PROPERTIES OF SODIUM GLYCINATE SOLUTIONS 

0.1 Molal sodium glycinate, m molal sodium chloride. Amalgam electrodes (ap- 
proximately 0.1 % Na). 

2 Log h 
P = 

0.1 + m  E mbx  LO^ k b  ~ o g  YB 

the mean of all the readings made on each cell while the amalgam was 
flowing, and differs only slightly from the weighted average, using only 
readings of greatest constancy, or the graphical average from a plot of 
e. m. f. against time. In the particular case of the cell for which m = 0, 
E is the mean of the "E's" of four such cells, which were 0.09771, 0.09713, 
0.09713 and 0.09840. This illustrates the poor agreement a t  lowest salt 
concentrations. The values of mAH were calculated by Equation lo', 
of log kk by the relation log k& = 2 log mA, - log (0.1 - m&) which 
follows from (7'). The value of log ki given in parentheses was obtained 
by extrapolation to infinite dilution of electrolyte, and is therefore log 
k:, where ki is the apparent basic dissociation constant of glycine. Ob- 
viously, ki must differ from the real dissociation constant, Kg, because 
its calculation involves extrapolation with a line whose slope is a function 
of the specific properties of both sodium chloride and sodium glycinate, 
through the region fi = M to p = 0, in which sodium glycinate alone is 
present. The same kind of difficulty is encountered in the calculation 
of activity coefficients of slightly soluble substances by extrapolation 
of solubility data in salt solutions. Kg equals ki in the experimentally 
unrealizable case in which M = 0, or, as we have shown in our previous 
paper, Kg can be evaluated exactly by extrapolation of values of ki corre- 
sponding to several different values of M. In Fig. 1 (1) are plotted as 
plain circles the values of log kk against the ionic strength. The equa- 
tion of the straight line drawn through the points is 
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log k i  - log k& = 2BBp (1  1) 

and its intercept corresponds to k; = 5.56 X lo-'". To calculate YB, 
the real basic activity coefficient of glycine, we cannot employ Equation 
7 directly, Seczuse we know neither Kg or kg. We have, however, demon- 
strated in our previous paper that log k&/kB extrapolated to  zero ionic 

P. 

Fig. 1 .-Apparent dissociation constants. I, basic; 11, acidic 

strength becomes log k;/~,, if we are justified in applying to a base this 
relation discovered for acids. We must also make use again of the hy- 
pothesis that this relationship is valid over a considerable range of ionic 
strengths, so that we may write 

k:, 
0 

log - = log !.E. 
kg K B  (12) 

By combining this with Equation 7, we obtain 
2 log YB = log k i  - log k; (13) 

by which the values given in Table I were calculated. Substituting Equa- 
tion 11 in 13, we deduce the important relation 

log YB = BBP (14) 

illustrated by Fig. 2 (I). Indeed this linear variation of log YB with p 

is to be expected from the nature of YB, for, by definition 
Yoa- 2 log 'YB = log 7 p  + log - - log a m  
YG - 

(1 5 )  
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Since Z* is neutral, the logarithm of its activity coefficient will vary 
linearly with the salt concentration in dilute or moderately dilute solu- 
tions. This is also to be expected for a ratio of ionic activity coefficients 
of ions of the same valence type. Furthermore, the linear variation of 
log a ~ , ,  will be a close approximation. Hence 

log? z* = Bz p 

log m- = ( B O ~  - BO)p 
Ya- 

log amo = BH~O p 

and consequently (14) follows immediately from (15) and (16) by writing 
2BB = BZ + BoH - BG - BH,o. These considerations obviously ac- 
count for the simple linear extrapolation of log k& through Equation 13. 

P. 

Fig. 2.-Activity coefficient of glycine. I, basic; 11, acidic. 

As an important check on the method just outlined, cells in which the 
silver-silver chloride electrode replaces the amalgam electrode have been 
employed, and found to give the same numerical results.ll Since the use 
of silver-silver chloride single cells in place of amalgam double cells repre- 
sents a considerable simplification of technique, and a great saving of 
time, we shall outline the method of calculating our results. It is realized, 
of course, that the general applicability of the method is limited by the 
fact that a large number of organic bases have a considerable solvent 
action upon silver chloride. 

If the electromotive force of the reference cell 
Hz/HCl(O.Ol)/AgCl/Ag; f 0.4644 (11) 

be subtracted from that of the cell 
Ha/NaG(O.l), NaCl(m)/AgCI/Ag, or f E (111) 

we obtain the electromotive force, E - 0.4644, of a concentration cell 
without liquid junction. Thus 

HdNaG(0.1). ~ a C l ( m )  /AgCl/Ag/AgCl/HCl(O.Ol)/H1: (IV) 

The equation relating E to the concentrations and activity coefficients is 
" Suggested by work recently conducted in this Laboratory by Dr. E. J. Roberts, 

[THIS JOURNAL, 52,3877 (1930) 1. 
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E - 0.4644 = 0.05915 log (0s904)2 (0.01)2 
( Y H C I ) ~  W H ~  

if the activity coefficient of 0.01 molal hydrochloric acid is taken to be 
0.904, as given by Randall and Young.12 m~ Is the hydrogen-ion concen- 
tration in the sodium glycinate solution. This cquation permits the 
calculation of m ~ ,  but since mo= is desired, we must introduce the equi- 
librium expression for the dissociation of water 

K ,  = ~~~-rnHrnoa = Y w 2 r n ~ m o ~  
a m  (18) 

Giving K,  the numerical value13 1.005 X 10-l4 and combining (17) and 
(18), we obtain 

16.9062 E - 17.7614 f 2 log r~~~ - 2 log 7, f log m = -log rno= (19) 

Just as in the derivation of Equation (lo'), we must introduce known 
activity coefficients in sodium chloride solutions, in the place of unknown 
activity coqfficients in sodium chloride solutions containing sodium gly- 
cinate also. In  so doing, we define an apparent hydroxyl-ion concen- 
tration, mhH, thus 

16.9062 E - 17.7614 + 2 log r i  - 2 log Y: + log m = -log rn;, (19') 

Table I1 contains the results of the measurements with silver-silver 
chloride electrodes. The average electromotive force, E, was measured 

THE THERMODYNAMIC PROPERTIES OF SODIUM GLYCINATE SOLUTION BY TRE SECOND 

METHOD 

0.1 Molal Sodium Glycinate, m Molal Sodium Chloride; Silver Chloride Electrodes 
Ir - 

0 . 1  -krn E 2  LO^ 7: 2  LO^ GCI m ; t ~   LO^ k&  LO^ YB 
0.1470 0.97173 1.7422 1.7700 0.002326 -4.2566 +O. 0008 - 

.4659 .92023 1.6980 1.7286 .002456 -4.2088 - .0231 - - 

.7459 .go620 1.7002 1.7426 .002579 -4.1657 - .0447 - 

.go49 .goo58 1.7120 1.7584 .002607 -4.1563 - .0494 - - 
1.2223 .89290 1.7378 1.7938 .002755 -4.1075 - .0738 - - 
2.0875 .87760 1.8314 1.9144 .002863 -4.0738 - .0906 

(Cell 111) over a period of a t  least four hours during which the maximum 
deviation from the mean did not exceed 0.05 millivolt. The values of 
log were read from a plot of the data of Harried,* and the values of 
log 7; were obtained from a similar plot of 7gc1 and 7 G a O H / d 2 ,  and 
more recent values of 7gac, determined by Harned.14 Column 5 con- 
tains the values of mkH computed by Equation 19'. The values of log 
kk and log YB were computed as in the preceding section, and are included 
in Figs. 1 and 2 as inked-in circles. It is obvious that the same straight 

l2 Randall and Young, THIS JOURNAL, 50,989 (1928). 
l3 Lewis and Randall, "Thermodynamics and the Free Energy of Chemical Sub- 

stances," McGraw-Hill Book Co., New York, 1923, p. 486. 
14 Harned, THIS JOUENAL, 51,416 (1929). 
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lines will serve to represent both the plain and inked-in circles within the 
experimental error. 

The Determination of the Dissociation Constant and Activity Coeffi- 
cient of Glycine as Acid.-The type of cell used to evaluate the acid 
constants of glycine is identical to that used previously in the study of 
acetic15 and formic4 acids, and to Cell I11 of this research. Thus E, the 
measured electromotive force, applies to the cell 

H2/HZCl(O.1), NaCl(m)/AgCl/Ag ; E (v) 

from which we subtract, as before, the electromotive force of Cell I1 to 
obtain the electromotive force of the complete concentration cell with- 
out liquid junction, viz. 

H2/HZCl(0.1), NaCl(m)/AgCl/Ag/AgC1/HC1(0.01)/H, (VI) 

The equilibrium expression for this cell is 

E - 0.4644 = 0.05915 log 
(0.904)2 (0.01)2 

( T H C ~ ) " ~  + o.l)mH 

in which the significance of the symbols and numerical values is obvious 
from the discussion of Cell 111. In  simplifying this equation we shall 
simultaneously replace THC, by the known function Y&l and solve for 
the apparent hydrogen-ion concentration, thus 

16.9062 E - 3.7636 + 2 log Y ; , ~  + log p = -log m; (20') 

The experimental values of E are the averages of the readings taken on 
each cell over a period of at least four hours in which the maximum devia- 
tion from the mean was not over 0.08 millivolt. The values of log Y& 
were read from the same plot used for this purpose in Equation 19', and are 
shown in Table I11 along with E, and rnL calculated therefrom with the 

TABLE I11 
THE THERMODYNAMIC PROPERTIES OF GLYCINE HYDROCHLORIDE IN SODIUM CHLORIDE 

SOLUTIONS 

0.1 Molal Glycine Hydrochloride, m Molal Sodium Chloride; Silver Chloride Electrodes 

o $ t m  E 2 Log GCI m~ Lop kk 

0.0 ..... .... ..... ( -2.3080) - 
.1 0.39531 1.7915 0.01945 -2.3283 - 
. 1  .39495 1.7915 .01972 -2.3146 - 
.2278 .37644 1.7492 .01962 -2.3198 - 
.3436 .36746 1.7342 .01910 -2.3460 - 
.4525 .36110 1.7288 .01881 -2.3607 - 
.6546 .35101 1.7354 .01897 -2.3527 - 

1.1155 .33643 1.7816 ,01765 -2.4221 - 
1.3961 ,32980 1.8146 .01692 -2.4627 - 
1.5997 ,32504 1 .8408 ,01635 -2.4953 - 
2.2424 ,31254 1.9408 ,01542 -2.5509 
2.7468 ,30371 0.0292 .01449 -2.6100 

15 Harned and Robinson, THIS JOURNAL, 50,3158 (1928). 
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aid of Equation 20'. The values of log k i  given in the fifth column were 
calculated by the relation log k i  = 2 log m& - log (0.1 - m;), and are 
plotted in Fig. 1 (11). As in the case of the basic system, log k i  is a linear 
function of p, and the equation of the straight line is 

log k i  - log ka = 2 B ~ p  (21) 
From similar concentrations to those by which we derived Equation 13, 
we may obtain the expression 

2 log YA = log k i  - log k;  (22) 
by which the values of log YA shown in Table 111 were calculated. Com- 
bination of Equations 21 and 22 leads to the important relation 

log YA = B A ~  (23) 

This linear variation of log Y A  with p is demonstrated experimentally in 
Fig. 2 (11), and follows theoretically from the definition of Y A .  Thus, for 

YH+ log YA = log Y z i  f log - 
YZH+ 

(24) 

we may write 
log YA = BZP + (BH - BZH)P = BACL (25) 

because the logarithm of the activity coefficient of a neutral particle 
and the ratio of two ionic activity coefficients of the same valence type 
are both linear functions of the ionic strength. The extrapolated value 
of log k i  at  infinite dilution of electrolyte is log ki, and is given in Table 
I11 in parentheses. This corresponds to the value 4.92 X for ki. 

Summary 
1. Making use of 0.1 molal sodium glycinate and glycine hydrochloride 

solutions, the apparent dissociation constants of glycine have been meas- 
ured at  25O. The values obtained are k i  = 4.92 X SO-3 and k; = 5.56 X 

For purposes of comparison, we may write k i  = K A ,  and k; = 
Kg, because, for the dilution we have used, the error introduced by this 
approximation is negligible compared to the discordance among the vari- 
ous values of KA and KB recorded in the literature. Branch and Miya- 
moto16 list the results of six independent electrometric studies of glycine 
besides their own. If we include our results and those of Bjerrum and 
Unmack,17 the mean values for the nine determinations are KA = 4.26 X 

and KB = 5.14 X SO-5, with average deviations from the means of 
10 and 13.6%, respectively. This unsatisfactory agreement in the litera- 
ture can be traced, in no small part, to uncertainties inherent in the methods 
used. Among these, liquid junctions and unrecognized medium effects 
are sources of error that are eliminated in the method we have just de- 
scribed. The elimination of liquid junction has actually been carried out 

Branch and Miyamoto, THIS JOURNAL, 52, 863 (1930); cf. Kirk and Schmidt, 
U. of California Pub. Physiol., 7,57 (1929). 

l7 Bjerrum and Unmack, Det. Kgl. Danske Videnskab, Selskab, Math.-fys. Medd., 
9 , l  (1929). 
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in this paper, but the complicated and laborious study of the medium 
effect of glycine has just been begun experimentally. 

2. It has been demonstrated that the use of silver-silver chloride elec- 
trodes or amalgam electrodes leads to identical results in the measure- 
ments with alkaline glycine solutions. 

3. In the absence of any information concerning the medium effect 
of glycine, we have drawn, by analogy, upon our study of this subject 
with acetic and formic acids, and have calculated the activity coacients 
of the 0.1 molal amphanion and amphcation in sodium chloride solutions. 
The logarithms of the activity coefficients are linear functions of the 
ionic strength, which is in accord with theory. 

4. By an exact thermodynamic method which eliminates the use of 
liquid junctions and which takes into account certain medium effects 
heretofore neglected, we have shown that the acid and base constants 
of an ampholyte may be evaluated. Further, in the case of glycine, the 
first steps toward an experimental solution have been made, and prelimi- 
nary values of the important constants determined. 

NE~W HAVEN, CONNECTICUT 

[CONTRIBUTION PROM THE DEPARTMENT OF CHEMICAL ENGINEERING OF THE 

MASSACHUSETTS INSTITUTE O F  TECHNOLOGY] 

A MANOMETER FOR THE MEASUREMENT OF SMALL 
PRESSURE DIFFERENTIALS AT HIGH PRESSURES1 

Introduction 
In an investigation of the viscosity of compressed gases by the author 

a new instrument was developed3 for the measurement of the small pres- 
sure differentials which existed between the two ends of a capillary tube 
through which flowed compressed gas. It relies on electrical means for 
determining the pressure differential but requires no calibration and does 
not demand the use of clean mercury to gain accurate results. This 
manometer is primarily a laboratory precision instrument though by 
suitable calibration it may be used as a high pressure flowmeter. 

The only other instrument for this use a t  high pressures described in 
the literature and known to the author is that used by Wildhagen4 It 

This article is based on a thesis submitted in partial fulfilment of the requirements 
for the degree of Doctor of Science from the Massachusetts Institute of Technology. 

Formerly Research Assistant, Research Laboratory of Applied Chemistry, 
Massachusetts Institute of Technology. Present address, 3144 Passyunk Ave., Phila- 
delphia, Pa. 

J. H. Boyd, Jr., Phys. Rev., 35, 1284 (1930). 
4 Wildhagen, 2. angew. Math. Mech., 3,181 (1923). 
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consisted in principle of a mercury-filled differential steel manometer 
in one arm of which was a fine platinum resistance wire coaxial with the 
tube. On applying a pressure differential to the manometer the mercury 
rose in the arm containing the wire and decreased the electrical! resistance 
of a circuit of which the previously calibrated platinum wire formed the 
major resistance. In such an instrument errors due to the contamina- 
tion of the mercury might well prove serioi~r and srlch fouling is difficult 
to avoid in practice. Were the mercury contaminated it would adhere 
to the wire on receding after making an observation and subsequent lesser 
differential readings would be in error owing to the change in the apparent 
resistance of the exposed wire. 

The New Manometer.-The new differential manometer does not 
require any calibration and the use of clean mercury is not imperative 
though ordinary precautions taken to avoid undue contamination are 
desirable. Essentially, the instrument consists of a mercury reservoir of 
relatively large diameter (8.9 cm.) beneath whose mercury surface pro- 
jects the lower end of a riser well of relatively small bore (8 mm.) in which 
runs a movable screw rod enabling the completion of an electrical circuit 
through the mercury. The whole is suitably enclosed to permit the use 
of high pressures. The level of the mercury in the riser well is deter- 
mined by trial by moving the contact or screw rod so as to  make and 
then break the circuit as indicated by a galvanometer. When this has 
been done the relative position of the screw rod is determined by measur- 
ing the distance to the top of the rod from a fixed reference plane by means 
of a micrometer depth gage. The difference of such readings when the 
upstream and downstream pressures are equal and when they are un- 
equal, as is the case for gas flow, is the observed pressure differential. 
The true differential is obtained on correcting for the drop in level in the 
reservoir corresponding to the elevation in the riser well, for the buoyant 
effect of the displaced gas and for the temperature variation of the mer- 
cury density. If desired further corrections for the capillarity and com- 
pressibility of the mercury may be applied. Calculation showed that 
pressures up to 3000 Ibs. per sq. in. and fluctuations in the room tempera- 
ture did not affect appreciably the instrument readings. 

The construction of the manometer is shown diagrammatically in Fig. 
I, which is approximately to scale. A set screw in one of the guide blocks 
and a stop pin not shown in the drawing allow locking the depth gage 
in a fixed position. The instrument was designed to give a factor of safety 
of five based on the ultimate tensile strength of the steel for a working 
pressure of 5000 Ib. per sq. in. at  room temperature. The maximum 
pressure actually used was 3000 lb. per sq. in. 

Four auxiliary valves are necessary in the operation of the instrument. 
Two valves, one in each connection line, permit isolation of the manom- 
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eter from the rest of the system. A third valve in a by-pass line allows 
equalization of pressures in the instrument, while the fourth serves as a 
pressure relief for the mercury reservoir. In addition a mercury trap in 

the downstream connecting line between 
the valve and the manometer is desir- 
able to prevent accidental flooding of 
the rest of the apparatus with mercury. 

Operation of the Manometer.-The 
operation of the instrument is quite 
simple. I t  is brought under pressure 
with only the downstream valve open 
to allow gas to flow down the riser well 
and under the mercury seal, thus sub- 
stantially equalizing the pressure in the 
system. Complete equalization of pres- 
sure results on opening the by-pass valve. 
The zero reading is now made by running 
the screw rod down until electrical con- 
tact with the mercury is made, as shown 
by the deflection of the galvanometer 
needle, and then slowly screwing the rod 
upward until the circuit is just broken. 
The relative position of the top of the 
rod on breaking the circuit is determined 
by measurement with the depth gage 

C - ~ C ~ ~ O N  from the reference plane. The microm- 
eter gage reads directly to 0.025 mm. 
(0.001 in.) but the graduations on the 
barrel permit estimation to 0.0025 mm. 

U L  UITLRYL CWD W C O  (0.0001 in.). The mean of several such 
readings agreeing within 0.025 mm. 
(0.001 in.) is taken as the zero reading. 
This procedure gives very reproducible 
results. The source of e. m. f. for the 

-,:y;:2D5 circuit is a copper-constantan thermo- 
couple immersed in ice water. The 
couple is very satisfactory for this pur- 
pose as the feeble current so produced 
minimizes arcing at  the mercury surface. 
After making the zero readings the rod 
is run up to a greater height than the 

l.-Diagrammatic sketch of mercury level anticipated in the ensuing 
high pressure manometer. experiment, the by-pass valve is closed 
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and the upstream valve opened. The mercury now rises to its equilibrium 
position and the observations are again made. In each case the mercury 
approaches its equilibrium level from below, which tends to  introduce a 
compensation of errors on taking the difference of the two average readings 
to obtain the apparent pressure differential. The true differential is ob- 
tained on applying the corrections previously mentioned. At the conclu- 
sion of a series of experiments the pressure in the flowmeter is relieved in 
order to avoid forcing mercury over into the trap should a leak develop 
a t  the rod packing. 

Results 
The absolute accuracy of the measurement of the pressure differential 

is not known but in view of the compensation remarked above the error 
should never exceed the average deviation observed in making a series 
of zero readings. In Table I a series of consecutive, average zero read- 
ings is given which was made over an eight-day period a t  gage pres- 
sures ranging from zero to 3000 lb. per sq. in. 

TABLE I 
CONSECUTIVE MEAN ZERO DETERMINATIONS, IN INCHES 

2.4249 2.4247 2.4265 2.4247 
39 66 71 45 
82 62 76 57 
74 60 73 67 
26 73 45 43 
57 59 45 44 
43 61 51 43 

Grand average 2.4256 
Maximum deviation 0.0030 
Average deviation .0011 

The tabulated results show the zero reading to be reproducible and 
indicate that the error in the measurement of a pressure differential does 
not exceed 0.025 mm. (0.001 in.). Such acctlracy is sufficient for most 
purposes. 

Conclusion 

While the instrument described above was satisfactory, certain changes 
are recommended for future work. The use of a larger riser well will 
eliminate capillarity effects and also allow the use of a larger screw rod 
whose greater rigidity will make the micarta centering disk unnecessary. 
In addition the screw rod assembly should be made in two pieces, the 
lower or contact rod being threaded into the screw rod proper and se- 
cured in place by lock nuts. This would necessitate a larger screw rod, 
which would facilitate packing the rod. Moreover, the bushing through 
which the rod handle ran and the pin driven into the bushing might well 
be eliminated. 
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Summary 
A manometer has been developed which is capable of measuring by 

electrical means pressure differentials of an inch of mercury with an ac- 
curacy of one part in 1000 a t  a pressure of 3000 lb. per sq. in. The instru- 
ment is direct reading and requires neither calibration nor the use of very 
clean mercury. 

CAMBRIDGE, MASSACHUSETTS 

[CONTRIBUTION FROM THE FRICK CHEMICAL LABORATORY, PRINCETON UNIVERSITY] 

THE THERMAL HYDROGEN-OXYGEN COMBINATION. 
FORMATION OF HYDROGEN PEROXIDE, AND THE INFLUENCE 

OF SURFACE NATURE1 

Hydrogen peroxide has not before been reported as a'product of the 
slow reaction between hydrogen and oxygen which takes place in the 
neighborhood of 550' and 1 atm. Indeed Rowe3 states that none could 
be detected by the sensitive titanium sulfate test. This paper reports 
the results of some flow experiments in which easily detectable quantities 
were obtained. In addition there are reported some data on the effect 
of the nature of the reaction tube surface on the hydrogen-oxygen reaction. 

The experiments were of the flow type. Compressed hydrogen and oxy- 
gen were passed through flowmeters and a drying system to a cylindrical 
reaction tube of pyrex glass to the ends of which were sealed 2-mm. capil- 
laries. The off-gas passed through a weighing tube cooled to -79'. The 
reaction tube was contained in an electrically heated furnace the tempera- 
ture of which was automatically controlled to about =t 2'. Hydrogen per- 
oxide was determined by washing out the weighing tube and titrating the 
product with 0.02 normal potassium permanganate in sulfuric acid solution. 

1 This paper contains results obtained in an investigation entitled "Catalytic 
Methods Applied to Petroleum Hydrocarbons" listed as Project No. 7 of American 
Petroleum Institute Research. Financial assistance in this work has been received from 
a research fund donated by Mr. John D. Rockefeller. This fund is being administered 
by the Institute with the cooperation of the Central Petroleum Committee of the Na- 
tional Research Council. Professor Hugh S. Taylor, of Princeton University, is Direc- 
tor of Project No. 7. 

Research Associate, American Petroleum Institute. 
3 Rowe, 2. physik. Chem., 59, 41 (1907). 
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The Reaction at Atmospheric Pressure.-The data of Table I refer to  
experiments in which the reaction tube was approximately 1.7 cm, in diame- 
ter and 10 cm. long and had a volume of 20.8 cc. The cleaning of the reac- 
tion tube is an important point. In this case the tube was rinsed out 
twice with hot concd. nitric acid, and then a dozen times with distilled 
water. The total gas flow was usually 40 cc. per minute a t  25' and at- 
mospheric pressure (about 760 mm.). Since the reaction rate is subject 
to considerable variation, each set of data was bracketed with sets to  which 
it was to be compared. The average of three separate determinations is 
given in each case. Results are expressed in terms of milligrams of prod- 
ucts formed per half-hour, and also as exit-gas concentrations (in 0.01 
atm., calculated for 2 5 O  and 1 atm. total pressure). In  most of the runs 
the entering gases were saturated with water vapor a t  0°, as the behavior 
of the reaction was somewhat more steady under these conditions. This 
water was subtracted from the total found in the weighing tube. Com- 
plete conversion of 10 cc. per minute of hydrogen in a half hour would 
yield 220 mg. of water. 

TABLE I 
WATER AND HYDROGEN PEROXIDE FROM HYDROGEN AND OXYGEN 

Reactants Formed mg. Exit-gas concns. 
T % ~ P . ,  cc./min. per half hour in 0 01 stm. 

C. Hz On Hz0 HIOI Hz0 HaOa 

Effect of Drying , 
540 30 10 
Dried at 0" 56.8 2.04 6.41 0.13 
Dried at -79" 47.5 1.83 5.38 . l l  
Dried at 0"  51.1 1.92 5.79 .12 

Effect of Heating Time 
540 10 10 61.0 0.77 13.8 0.09 

30 30 19.3 1.95 1.46 .08 
10 10 67.5 0.90 15.3 . l l  

Effect of Composition 
540 10 30 13.0 1.19 1.47 0.07 

30 10 50.3 2.15 5.70 .13 
10 30 6.6 0.92 0.74 .06 

Effect of Temperature 
540 10 30 4 .8  0.68 0 .54  0 .04  
550 16.9 1.29 1.91 .08 
540 1 .3  0.63 0.15 .04 
540 30 10 35.3 1.64 4.37 .10 
530 16.7 1.08 1.89 .06 
540 36.4 1.61 4.12 .10 

In spite of the irregularity of the results, certain conclusions as to the 
formation of water and hydrogen peroxide may be drawn. It is, first 
of all, clear that the initial presence of traces of water vapor is not essen- 
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tial. When the heating time is cut to one-third by tripling the gas flow, 
the off-gas concentration of water vapor is cut to one-tenth while that of 
the peroxide is not measurably altered. The reaction is clearly auto- 
accelerated so far as water formation is concerned. The peroxide ap- 
pears to attain an approximate steady-state concentration. One cannot 
conclude from these data that hydrogen peroxide is the sole primary prod- 
uct but the results point in that direction. 

Experiments on the effect of hydrogen-oxygen ratio show clearly that 
formation of both products is more rapid with excess of hydrogen. Water 
formation is again the more affected. A rise of 10" in reaction tube tem- 
perature increases the yield of water 2- to 4-fold, and about doubles the 
peroxide formed over the range studied. The temperature co4cient ap- 
pears to depend on the H1:02 ratio. 

These results may be taken to indicate that hydrogen peroxide is a 
primary product of the hydrogen-oxygen reaction, that water is formed 
auto-catalytically, and that the reaction is favored by a high ratio of hy- 
drogen to oxygen as well as by high temperature. 

There are many other conclusions that might be drawn from these and 
the quantities of other data on the reaction which we have obtained. 
Aside from the above, however, the only certainty is that the highly 
capricious behavior of the reaction mixture in pyrex reaction vessels has 
made this a most unsatisfactory reaction to deal with. According to 
Hinshel~ood,~ the reaction in silica vessels is very similar in behavior, 
glazed porcelain being rather more satisfactory to work with. 

The Reaction at Low Pressures.-Hinshelwood6 has reported the 
extraordinary fact that hydrogen-oxygen mixtures become unstable and 
explode within a restricted low-pressure range at  temperatures above 
about 450°. I t  was of interest to confirm this by a somewhat different 
method and especially to determine whether the formation of hydrogen 
peroxide could be detected. Accordingly the flow apparatus was altered 
to include a three-way stopcock before the reaction tube, a reaction tube 
about 1 cm. in diameter by 10 cm. long into which the reaction gases passed 
via a drawn-out capillary, and a vacuum pump and gage for reducing and 
reading the pressure at the outlet end. With these alterations a number 
of runs were made. Results are recorded in Table 11. 

The results are essentially in agreement with those of Hinshelwood as 
to the existence of an upper pressure limit. There was immediate (but 
not complete) reaction up to a certain pressure and then a rapid decrease 
in reaction rate at higher pressures. A significant feature of the results 
is that no trace of hydrogen peroxide was detectable in the region of rapid 
action. Nevertheless, at higher pressures with only small amounts of 

Gibson and Hinshelwood, Proc. Roy. Soc. (London), 119A, 591 (1928). 
6 Thompson and Hinshelwood, ibid., 122A, 610 (1929). 



HYDROGEN-OXYGEN REACTION A r  LOW PRE~SURES 
Gas rates, 20 cc./min. for each gas (measured at 25' and I atm.); reaction tube 

volume about 7 cc. 

Temp., 'C .  Press., mm. 

500 5 to 10 
25 

525 5 to 10 
25 
50 
75 

550 5 to 10 
25 
50 
75 

400 (approx.) 

Mg. of Hz0 
per 10 min. 

Nil 

42.4 
43.0 

Nil H20Jess than 0.05 mg. 
9.0  i 

86.8 
83.2 
79.4 
63 .4 ,  
1.6 - Hz02 = 0.28 mg. 

water being formed, hydrogen peroxide was obtained in easily detectable 
amounts. In this connection it is to be remembered that the exposure 
time was shorter in proportion at  the lower pressures. The failure of hy- 
drogen peroxide to escape from the reaction tube at  the low pressures in 
the explosion region might be ascribed to the high temperatures attained 
in the gas. It is not unlikely, however, that the peroxide is itself account- 
able for the explosivity. A possibility is that a freshly-formed peroxide 
molecule is subject to dissociation yielding atomic oxygen. If the mole- 
cule enters into collision with a normal molecule within a minimum time 
after formation, it is stabilized. Failing this, it  dissociates and produces 
the chain of results characterizing the explosion. High pressures would 
favor stabilization, while low pressures would permit of dissociation. 

Effects Due to Surface.-Hinshelwo~d~~~ has shown that the hydrogen- 
oxygen reaction is repressed when the reaction vessel is packed with broken 
wall-material, in the case of porcelain and silica vessels. Data showing 
that this is also true for pyrex reaction vessels are given in Table 111. In  
addition, the importance of the nature of the surface is brought out by 
data in this table. When either an empty or a packed reaction tube is 
rinsed out with a potassium chloride solution, the reaction rate is sub- 
ject to a marked decrease. Thus, whatever the action of the glass sur- 
face may be in suppressing reaction, this action is enhanced by coating 
the glass with a film of potassium chloride. The special feature of this 
effect is that it is so marked in the empty tube. Although no direct com- 
parison was made, the rate must be reduced about 2000-fold by the coating. 

Without detailing the results, it may be said that treatment with po- 
tassium hydroxide solution is about equally as effective as treatment 
with potassium chloride. In addition, treatments with solutions of alumi- 
num nitrate, barium nitrate, arsenious chloride or phosphoric acid were 
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TABLE I11 1 

HYDROGEN-OXYGEN COMBINATION. EFFECT O F  PACKING AND COATING 

Gases flowina at 20 cc. per minute each. Reaction-space volume, 20.0 * 0.5 cc. - 
Empty tube Packed tube 

Cleaned with Rinsed with Cleaned with Rinsed with 
KNOI KC1 soln. HNOa KC1 soh. 

Temp., OC. Mg. water plus hydrogen peroxide formed per minute 

0.02 
.07 
.22 
.63 

Explos. 0.13 
.65 

0.06 
.19 5.34 
.58 

Explos. 10.4 

all more or less effective. This is in comparison with the same tube when 
rinsed first with nitric acid and with water. Treatment with a copper 
nitrate or chromic acid solution caused a marked increase in rate, due no 
doubt to positive surface catalysis. Yet even in these cases it is significant 
that no hydrogen peroxide was formed, and that the kinetics were so 
altered as to suggest that the original reaction had again been suppressed. 
It may be mentioned that no treatment gave better yields of hydrogen 
peroxide than the original one with hot concd. nitric acid. 

Summary 

1. The hydrogen-oxygen combination in pyrex reaction vessels has 
been studied by the flow method. 

2. It has been found that hydrogen peroxide is formed in readily de- 
tectable amounts along with water. The former may be the primary re- 
action product. 

3. The reaction mixture becomes unstable a t  low pressures and reacts 
explosively, but yields no peroxide under these conditions. 

4, Reaction may be partially suppressed by filling the reaction vessel 
with broken pyrex glass or better by coating its inner surface with any 
one of a number of substances, among which is potassium chloride. 
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[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, UNIVERSITY OR ILLINOISJ 

THE SPECIFIC HEATS OF GASES AT HIGH PRESSURES. n. 
METHOD AND APPARATUS AT HIGH TEMPERATURES1 

Introduction 
This paper is the second of a series from this Laboratory reporting 

methods and measurements of the specific heats of gases a t  high pressures 
and over a range of temperatures. The first paper2 described the ap- 
paratus developed for use a t  ordinary temperature and over a range of 
pressures to 1000 atmospheres. The present one describes a new calc- 
rimeter suitable for measurements over the entire range of pressures and 
up to temperatures of 350° or more. The experimental method is essen- 
tially the same as previously described, the new features being concerned 
entirely with the calorimeter and thermostat. The arrangement of gas 
storage cylinders, compressor and recirculating system is unchanged. 
In order to carry the measurements to higher temperatures, an entirely 
new calorimeter and thermostat were designed and built. 

The Thermostat and Calorimeter 
Reference to Fig. 1 in the first paper in this series2 shows the function of the thermo- 

stat. This piece of apparatus must be capable of delivering gas a t  the desired pressure 
and temperature to the calorimeter a t  a constant rate of flow. For temperatures used 
in this work a satisfactory thermostat was built by coiling up about 3.5 meters of 6.5- 
mm. by 1.5-mm. steel tubing and casting a cylindrical block of copper around the coiled 
portion. An electric heater was wound on the casting and a Beckmann thermometer 
placed in a hole drilled in the casting. The temperature was manually controlled by ex- 
ternal resistances and could be held to about 0.01 ". The gas leaving the thermostat 
entered the calorimeter through a short, well-insulated tube. 

The calorimeter is shown in Fig. 1. The gas, preheated to a temperature usually 
5 or 6" below the calorimeter temperature, enters through the horizontal tube shown 
sectionally a t  the left. 

I t  passes down through the vertical tube, also shown in section, through the coiled 
portion, then up through the right-hand tube and out through the horizontal tube shown 
in full. The coiled portion of the calorimeter tubing is embedded in a copper casting 
7.5 cm. long and 6.4 em. in diameter. This casting also contains an electric heater and 
a thermometer. By means of the heater the temperature of the calorimeter block is 
maintained constantly about 5 or 6' above the temperature of the thermostat. During 
its passage, therefore, the gas takes heat from the calorimeter and its temperature rises. 
The heat taken up by the gas is continuously supplied by the electric heater, so that  the 
temperature of the calorimeter remains constant. To reduce as much as possible the 
heat losses by conduction, radiation, etc., the calorimeter is enclosed in a pyrex Dewar 
flask having an internal diameter of 7 cm. and an internal length of 29 cm. Surrounding 

1 Presented a t  the Atlanta meeting of the American Chemical Society, April 9, 
1930, before the Division of Physical and Inorganic Chemistry. 

Krase and Mackey, THIS JOURNAL, 52,108 (1930). 
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the Dewar flask is a heavy, cylindrical copper casting 46 cm. long, 10 cm. inside diameter, 
and having a wall 15.5 mm. thick. Copper disks close both ends of the cylinder; open 
ings in the upper disk are provided for the necessary electrical leads, the thermometer, 
and the two steel tubes carrying thermocouple wires shown in the drawing. The other 

wires and the thermometer and heater are not 
shown. In order to operate the calorimeter 
adiabatically, the copper jacket is kept a t  the 
same temperature as the calorimeter by means 
of an electric resistance heater wound around 
the casting. A thermometer inserted in a hole 
drilled through the top disk and into the wall 
of the cylinder indicates the jacket tempera- 
ture. A thick layer of insulation covers the 
jacket. 

This calorimeter differs from the one 
previously described particularly because 
of certain improvements in the method 
of measuring the temperature rise of the 
flowing gas and the heat losses by con- 
duction along the steel tubing. 

As will be noted in Fig. 1, the wires 
comprising the couples for reading the 
rise in temperature of the flowing gas 
enter a t  the top ends of steel tubes ex- 
tending about 13 cm. above the calorim- 
eter cover. This arrangement not only 
removes the bakelite compression seals 
from the heated zone but also reduces 
the temperature gradient along the por- 
tion of the tubes through which the gas 
flows. This latter fact is extremely im- 
portant in reducing heat conduction 
losses along the steel tubing. A second- 
ary advantage, also, is the reduction in 
heat flow along the thermocouple wires 
as a result of this arrangement. The 
ends of the coiled calorimeter tubing are 
connected by "gradient" tubes having a 
uniform steel cross section for a length 
of 10 cm. to the gas inlet and outlet 
tubes. Five copper-constantan thermo- 
couples equally spaced along each of 
these gradient tubes provide readings of 
the temperature drop along the tubes 

Fig. 1. and thus data for calculating the heat 
I 
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flow away from the calorimeter block. The therrnojunctions for measuring 
gas temperature rise are located a t  the midpoint of the uniform section of 
the gradient tubes. The thermocouples can be removed from position and 
calibrated without disturbing the bakelite seals or other connections. 

For calorimeter temperatures to 150' Beckmann thermometers are 
most satisfactory. Since these thermometers are used only t o  indicate 
conqtancy of temperature, the absolute temperature need be known only 
to about one-tenth of a degree. The settings were checked using liquids 
of known boiling points as calibration standards. 

Experimental Methods 

Reference to the first paper is suggested for experimental details. In  
addition to the measurements described previously i t  was thought de- 
sirable to know the absolute temperature of the gas leaving the calo- 
rimeter. The usual experimental routine involved measuring only the gas 
temperature rise-not its absolute temperature. Since the question of 
average gas temperature for a given measurement is important for ac- 
curate work, a number of experiments were performed designed to  measure 
the exit temperature of the gas. A copper-constantan couple similar 
to those used in the calorimeter was inserted together with the Beck- 
mann thermometer in the jacket well and the constantan wire connected 
with that of the couple in the exit tube of the calorimeter. If the exit 
gas temperature and jacket temperature were the same, the reading of 
the couples would be zero. The results of a number of such trials showed 
that the exit gas reached practically the same temperature as the calo- 
rimeter within an experimental error of about 0.06". Practically perfect 
heat transfer was, therefore, accomplished between gas and calorimeter 
and the temperature of the calorimeter may be taken as the gas tem- 
perature for all purposes. 

In  this work, the rates of gas flow used ranged from 0.7 to  1.5 moles 
per minute and the results were entirely independent of rate of flow, indi- 
cating the absence of systematic errors in measurements. Further refine- 
ments in measuring the rate of gas flow involved enclosing the indicating 
capillary meter and the wet meter as well as the gas humidifier in a com- 
partment whose temperature was thermostatically controlled. Small 
changes in temperature were sufficient to alter the calibration of the wet 
meter considerably. 

The use of an adiabatic calorimeter a t  elevated temperatures involves 
heating the jacket to practically the same temperature as the calorimeter. 
In the present case this was accomplished by winding a nichrome electri- 
cal resistance coil on the copper casting and passing a 110-volt alternat- 
ing current through it, controlled by an external resistance. It was found 
that this arrangement generated heat by induction in the copper casting 
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inside the Dewar flask. The effect was very considerably reduced by us- 
ing a non-inductive winding on the jacket but was not entirely eliminated. 
Separate measurement of this induced heat was, therefore, necessary a t  
each calorimeter temperature used. The use of direct current for jacket 
heating was the obvious remedy but this, unfortunately, was not avail- 
able. The correction was measured by using the same gas flow as during 
a regular experiment but raising the thermostat temperature so that the 
gas entered the calorimeter at  practically the calorimeter temperature. 
No heat was supplied to the calorimeter proper except that received by 
induction from the jacket current. The rise in gas temperature was 
measured and this subtracted from the observed rise in the regular experi- 
ment. The correction measured in this way not only included the induced 
heat but also any heat change due to a Joule-Thomson effect within the 
calorimeter. 

Table I shows typical results for nitrogen from 30 to 150' a t  500 at- 
mospheres pressure. A subsequent paper will give complete data for 
nitrogen over a range of pressures to 700 atmospheres and temperatures 
to  150'. 

TABLE I 
TYPICAL RESULTS FOR NITROGEN 

Experiment no.. . . . . . . . . . . . . . . . .  30 80 
Absolute pressure, atm.. . . . . . . . . .  500 500 
Av. calorimeter temp., O C . .  . . . . . .  30 50 
Gas temp. rise, OC.. . . . . . . . . . . . . .  6.85 6.84 
Gas flow, moles/min.. . . . . . . . . . . .  1.412 1.496 
Heat loss by conduction. . . . . . . . . .  0.1 0.15 
Heat gain by induction. . . . . . . . . . . . .  0 .5  
Corrected power input. . . . . . . . . . .  88.2 90.6 
Molal heat capacity.. . . . . . . . . . . .  9.12 8.85 

Summary 

A constant-temperature, adiabatic, flow calorimeter for the measure- 
ment of specific heats of gases at  high pressures and temperatures has been 
developed. Typical results for nitrogen together with the methods of 
measurement and calculation are given. 
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Although the earlier papers of this series have frequently dealt with the 
titration of organic amines in glacial acetic acid, the subject has been 
treated more or less incidentally, and only scattering selections have been 
made from the available data. In the present paper are summarized the 
results of a study of a large number of these compounds, and it has been 
possible to draw certain conclusions of interest to the general theory of 
acidity. A clear parallelism has been found between the strengths of 
these bases in acetic acid and in water, and the results are compared with 
similar results by other workers in three other solvents. 

Table I presents an alphabetical list of the bases successfully studied, 
and the numerals used to identify them on the diagrams. 

Acetamide 
Acetanilide 
Acetoxime 
p-Aminodimethylaniline 
Ammonia 
Anisalacetophenone 
m-Anisidine 
o-Anisidine 
p-Anisidine 
Antipyrine 
Benzylaniline 
m-Bromo-aniline 
o-Bromo-aniline 
p-Bromo-aniline 
m-Chloro-aniline 
o-Chloro-aniline 
p-Chloro-aniline 
Colchicine 
Diacetylmonoxime 
Di-n-butylamine 

Formanilide 
Guanidine 
N-Methylacetanilide 
Methylaniline 
Methylethylaniline 
Methyl-n-propylaniline 
Methyl-o-toluidine 
Methyl-p-toiuidine 
Methylurea 
a-Naphthylamine 
o-Nitro-aniline 
p-Nitro-aniline 
3-Nitro-4-chloro-aniline 
4-Nitro-2,6-dichloro-aniline 
m-Nitrodimethylaniline 
p-Nitrodimethylaniline 
p-Nitrosodiphenylamine 
Phenylurea 
or-Picoline 
Piperidine 

This is the fifth of a series of acidity studies to which the present author has 
contributed. Earlier papers have appeared under the title "Studies in Superacid Solu- 
tions" as follows: Hall and Conant, THIS JOURNAL, 49, 3047-3061 (1927) (herein re- 
ferred to as "I"); Conant and Hall, ibid., 49,3062-3070 (1927) (11); Hall and Werner, 
ibid., 50,2367-2386 (1928) (111); and Conant and Werner, ibid., 52,4436 (1930) (IV). 
The principal results of this paper were presented at the Swampscott meeting of the 
American Chemical Society in September, 1928. 
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2,4-Dichloro-aniline 
8,5-Dichloro-aniline 
Diethylamine 
Diethylaniline 
Diethyl-o-toluidine 
Diethyl-p-toluidine 
Dimethylamine 
Dimethylaniline 
s-Dimethyldiphenylurea 
Dimethylpyrone 
Dimethyl-o-toluidine 
Diphenylamine 
Diphenylguanidine 
Di-n-propylaniline 
Ethylaniline 

(Concluded) 

Propionitrile 
N-Propylacetanilide 
Pyridine 
Quinoline 
Semicarbazide 
m-Toluidine 
o-Toluidine 
p-Toluidine 
Tribromo-aniline 
Tri-n-butylamine 
Triethanolamine 
Triethylamine 
Triphenylguanidine 
Urea 

Method of Study.-The bases were all titrated in 0.05 molar solutions 
with perchloric acid as has been previously de~cribed.~ 

The potentials reported are those of cells of a type already pictured3 

and the former convention has been used to define ' 'PH(~~' ) ."  The tem- 
perature was 25 + 2'. Results are reported in this section of the paper 
for those bases only whose curves showed no marked abnormality such as 
is caused by rapid reaction with chloranil, the formation of precipitates, or 
the formation of hemi-perchlorates. 

Experimental Results 

If the titration data are all plotted on a single diagram (Fig. the 
assemblage of curves has a considerable resemblance, in spite of differences 
noted below, to such theoretical plots of the curves of unequally strong 
acids or bases in water as, for example, the one given by B r i t t ~ n . ~  

Survey of the Titration Curves.-For convenience in discussion, the 
bases are divisible into three groups. The first group comprises the weak- 
est bases, as far down as No. 11 (acetamide) and includes those whose 
curves show no appreciable break. The second or intermediate group ex- 
tends from #-nitrodimethylaniline (12) to #-bromo-aniline (31) and in- 
cludes bases whose curves show both an initial rise and a break a t  the end 
of the titration. The remaining (strongest) base curves show no initial 
rise. The points of division between the groups are of course somewhat 
arbitrary. 

(111) Hall and Werner. THIS JOURNAL, 50,2367-2386 (1928). 
Hall and Werner, ibid., p. 2369 and Fig. 3. 
The drawing of the unnumbered curves near the bottom of Fig. 1 is somewhat 

schematic. 
H. T. S. Britton, "Hydrogen Ions," D. Van Nostrand Co., New York, 1929, 

p. 127, Fig. 36. 
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Bases of Intermediate Strength.-In the second or intermediate 
group the curves all run substantially parallel throughout most of their 
course, as required by the elementary theory of titration, but their e.m.f. 

X = 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

Fig. 1.-Titration curves of 0.05 M bases in glacial acetic acid. 

values, as pointed out by Hall and Werner (111) , are not even approximately 
a simple function of log R, (R = x/(l - x )  (x = fraction titrated)), so that 
the curves appear "too flat" when compared with similar curves obtained 
in water. It is reasonable to ascribe this anomaly to the change in activity 
coefficients caused by the increase in ionic strength during titration, and 
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evidence on this point has already been presented by Conant and Werner 
(IV). 

In an attempt to formulate quantitatively the voltage changes during 
titration, the voltages a t  round values of x were read from a large plot of 
Fig. 1 for the middle group of bases. These voltages were converted into 
P H ' ~ ~ ' '  values by the formula (0.566 --E)/0.0591 = PH'~*'). TO these 
observed PH(~*') values were added the values of log R for each point and 
the resulting $Kt values plotted against XI/'. I t  then appeared that in 
every case $Kt was nearly a linear function of XI/'. 

As examples, the values of pK1 for the first three bases of the group are 
given in Table 11, together with the corresponding values of a + bx"'. 
The average deviation of the two sets of values is also shown. 

Average deviation, *0.01 

Urea 
x = 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 
$Kt =-1.22 - 1.12 - 1.06 - 0.99 - 0.91 - 0.87 - 0.83 - 0.76 - 0.64 
-1.48+0.816x1/*=-1.23 - 1.13 - 1.04 - 0.97 - 0.91 - 0.86 - 0.82 - 0.76 - 0.72 

Average deviation, *0.02 

Methylurea 

x = 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 
#K' =-1.15 - 1.04 - 0.98 - 0.91 - 0.82 - 0.77 - 0.70 - 0.65 - 0.52 
-1 .45+0 .896x1 /~=-1 .17  - 1.05 - 0.96 - 0.88 - 0.82 - 0.76 - 0.70 - 0.65 - 0.60 

Average deviation, +0.02 

The formulas used for these three bases are fairly representative of all 
the others in this group-(with the exception of antipyrine, which shows 
a much steeper curve)-and it seems desirable in order to save space, not 
to report the results in full. The constants a and b are mutually adjust- 
able within narrow limits and their theoretical significance is obscure. If 
pK' is plotted against ;'"instead of xl'"he points approximate slightly 
less closely to a straight line (p is the concentration of the added acid. p 

and x are not strictly proportional because of the appreciable volume of the 
titrant, nor is the relation between the two always the same because of 
the use of titrants of more than one concentration). Certain systematic 
trends in the deviations of the experimental points seem to indicate that 
functions of x1'kf the type stated are only first approximations to the values 
of $Kt. The reproducibility of the data is insufficient a t  present to warrant 
the use of a more complicated approximation formula. Instead of PK' = 
a + b XI'' or pK1 = a + bt$/', i t  is conceivable that in this concentration 
range curves of the form pKt = a" + bU pl/' - b" crp as required by a form 
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of the Debye-Hiickel theory might fit the data. If the dielectric constant 
of pure acetic acid at  25' is 6.17 as obtained by interpolation in the data of 
Smyth and Rogers,' b" should have the value $23.0 and c should be 
+1.17. The constant 10-8~ is the so-called ion radius and should be 
positive. Equations of this form with these constants do not fit the data. 
It is probable that due to the presence of water (up to 0.5%) the dielectric 
constant of the solvent was higher than 6.17, possibly even as high as 10. 
And it is further possible that it changed during titration under these con- 
ditions, so that a theoretical approach along these lines seems unpromising. 

The Strongest Bases.-When a weak base is dissolved in acetic acid 
it may be assumed that the reaction of salt formation B + HAc &I? 
BHfAc- is very incomplete, while with a strong base it is virtually com- 
plete. When a weak base is titrated the reaction B + HClOl BH+- 
C104- (or B + H+(HAc) BH+ + HAc) removes the free base and 
alters the concentration ratio of the cation to the free base remaining with 
resulting changes in the proton activity since 

~ B H +  
P H ( H A ~ )  = pK' ( I IAo)  - log - 

UB 

A strong base is already completely converted into salt when the titra- 
tion starts, and the only effect of the titration is to substitute a perchlorate 
for an acetate. The increase in proton activity will depend directly on 
the removal of acetate since a ~ +  X a*,- = const. In this latter case the 
ionic strength does not change during the titration, and the activity coef- 
ficients of the ions remain constant as shown by Hall and Werner's analysis 
of titration curves of the "strong base" type (111). 

Between these two extreme cases, in acetic acid as in water, there exists 
a group of "transition" bases in which both the free base and its acetate 
may be assumed to exist together in the solution in appreciable quantities 
a t  the start of the titration. These should give curves of intermediate 
form, and such curves are readily observed in Fig. 1. The lowest curve in 
the diagram (diethyl-o-toluidine) is clearly anomalous for unknown reasons; 
dimethyl-o-toluidine (54a) and diethyl-p-toluidine (54b) show similar 
anomalies but to a less extent, and smaller variations are observed for other 
bases, above and below the "typical" or "average" strong base curve. 

The Weakest Bases.-As the base strength diminishes, the tendency 
to react with even so strong an acid as perchloric acid becomes less and 
finally disappears, so that a point is finally reached where a solution of the 
base behaves toward the addition of perchloric acid as though the solvent 
alone were present (Curve 1, bases la, lb). Bases of progressively dimin- 
ishing strength give curves which should be the transposed mirror images 
of the transition and strong base curves a t  the bottom of the diagram. Be- 
cause of the relative unreliability of the measurements in this highly acid 

6 Smyth and Rogers, THIS JOURNAL, 52,1824-1830 (1930). 
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region, it has not been very thoroughly studied and secondary influences 
evidently distort some of the curves obtained. 

Comparison with the Water System.-The basicity constant of a 

given base dissolved in a protogenic7 solvent HX depends only on the in- 
trinsic strength of the base and on the activity coefficients f B H +  and f B .  

These latter are primarily influenced by the acidity and basicity constants 
and the dielectric constant of the solvent, but also exhibit individual varia- 
tions. If these are not too great, it should be possible to establish a pair- 
wise correspondence between the basicity constants of a series of bases in 
any non-aqueous solvent and in water. In sufficiently dilute solution in 

water KBas. for any base is simply the reciprocal of the ordinary hydrolysis 
constant (i. e., KBas. = KB/KW). In another solvent log KBas, = PH + 
log R. In acetic acid KBas, is far from constant when the concentration or 
the value of R is varied, so that it is necessary to choose a particular con- 
centration and value of R, as well as to keep the titrating acid the same in 
comparing different bases. No satisfactory extrapolation of the values of 
KBas. to infinite dilution has been possible here. The values to be com- 
pared with $KH in water are therefore those of log K ~ ~ ~ . ( ~ ~ ~ )  = P H ( ~ ~ ~ )  
+ log R at  R = 1, i. e.,  at the midpoint of titration. This has been done 
for 52 bases in Fig. 2 for which the necessary data are given in Table V. 
The abscissa is log K&%P) = $KH = log KB + pKw. The ordinate is 
the value of P H ' ~ ~ ' )  at the half titration point = p ~ ' ( ~ ~ ~ )  =log KBas. W A C )  

7 Brijnsted, 2. angm. Chem., 43,229-233 (1930). 
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for each base as read from Fig. 1. The line on the diagram needs further 
explanation. 

If bases at  a given concentration in water are titrated with a strong acid, 
the PH of the titration midpoints increases with the strength of the base so 
that it is almost exactly 9 for $Kg = 5, 10 for pKB = 4, etc., etc. How- 
ever, as PKB diminishes, a point is reached, depending on the concentra- 
tion of the solution, where the increase in PH at  the midpoint is no longer 
proportional to the decrease in pKB. The PH values now approach a cer- 
tain maximum which is that shown by a completely ionized base half- 
titrated under the conditions of the experiment. Thus if the total base is 
1 N, the PH at  the midpoint of titration should be 13.7 (neglecting activity 
coefficients). All bases with Kg above a certain value will show midpoint 
PH's experimentally indistinguishable from 13.7. What this limiting value 
will be depends on the concentration and the precision of measurement. It 
is clear that in the case of these strongest bases, the equilibrium 

B f Hz0 + BHf, OH- 

is effectively completely displaced to the right even before the titration 
starts. It is also clear that any solvent capable of releasing a proton to 
the molecule B should behave in this respect just like water. 

B + H Sol ~ = 2  BH+, sol 

but that the value of KBas. a t  which the maximum PH is reached should 
differ with each solvent. 

I t  follows from this discussion that if PH (midpoint) in any protogenic 
solvent is plotted against fiKH for a series of bases, the points will lie on a 
line of slope = - 1 over a considerable range. At a certain point, depend- 
ing on the concentration, this line will begin to bend upward and change 
with an easily calculable curvature into a horizontal line passing through 
the limiting PH for the concentration in question. Such a line is the one 
drawn for acetic acid in Fig. 2. In this figure the line is drawn as follows : 
(a) the slope of the left-hand portion is fixed at  - 1. (b) The curvature of 
the middle part is determined from the simple theory outlined above. 
(c) The ordinate of the horizontal part is fixed by the average ordinate of 
the experimental points for the strongest bases. (d) The three parts of 
the curve thus restricted are then fitted together so as best to reproduce the 
experimental points. This semi-empirical method of placing the curve 
evidently results in a satisfactory fit. One may conclude from Fig. 2 that 
there is a very definite parallelism between the strengths of the bases in the 
two solvents but that individual minor departures from exact parallelism 
are the rule rather than the exception. Both of these conclusions are in 
accord with previous knowledge of acid strength in solvents other than 
water. 

It must not be forgotten, moreover, that the water values used are aver- 
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aged from the results of numerous investigators, working at  different times 
and places and by different methods. Under such conditions it is rather 
surprising that the scattering of the individual points is no greater than i t  
is. Among the very weak bases, measurements are reproducible with dif- 
ficulty both in water and in acetic acid, so that a greater than normal scat- 
tering is there to be expected. (The one unmistakable and significant 
exception is that of antipyrine (25). This base exhibits no unusual titra- 
tion behavior in water, but in acetic acid it has a titration curve much 
steeper than any of the others. It seems possible that this irregularity is 
due to a reaction with chloranil or to a molecuIar rearrangement of the 
base.) 

It is interesting to note the value of PKH a t  which the bases become 
"strong" in acetic acid. If the two straight portions of the curve are ex- 
tended, they intersect a t  a point which has an abscissa PKH = 4.75 
(approx.). This is almost exactly the figure representing the strength of 
acetate ion as a base in water. In other words, it appears from these re- 
sults that the relative base strength of molecules such as those of the chloro- 
anilines, pyridine, etc., and of the acetate ion remains the same when these 
substances are transferred from water to acetic acid. 

In view of the substantial regularities disclosed by Fig. 2, it  is reasonably 
safe to use it in predicting the strength in water of bases for which no meas- 
urements are available. Table I11 lists those bases which have been suc- 
cessfully titrated in acetic acid but whose constants in water are unknown to 
me. With each base is given its serial number, its midpoint 
value and its predicted ~ K H  value in water. 

No. 

lb  
2 
3a 
3b 
4 
6 
7 
8 

10 
12 
14 
17 
20 
21a 
22 
28 

Name 

4-Nitro-2,6-dichloro-aniline 
Anisalacetophenone 
Diacetylmonoxime 
Forrnanilide 
s-Dimethyldiphenylurea 
Tribromo-aniline 
N-Propylacetanilide 
N-Methylacetanilide 
Phenylurea 
p-Nitrodimethylaniline 
Methylurea 
2,s-Dichloro-aniline 
2,4-Dichloro-aniline 
3-Nitro-4-chloro-aniline 
m-Nitrodimethylaniline 
#-Nitrodiphenylamine 

a ~ ' ( H A Q )  
obs. 

-3.69 
-3.50 
-3.49 
-3.49 
-3.00 
- 2.52 
-2.27 
-2.17 
-2.01 
-0.92 
- .82 
- .51 
4 .08 
+ .19 
+ .73 
+1.93 

p ~ ~ ( H 2 0 )  
predicted 

< -1 
< -1 
<--I 
< -1 
< -1 
-0.8 
- .6 
- . 5  
- .3  
4 .8 + .9 
+1.2 
3-1.8 
+1.9 
+2.4 
+3.5 
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Moreover, in the case of certain bases, even though precipitation or other 
disturbing effects were noted, i t  is possible from an inspection of the titra- 
tion curve to predict roughly what the strength in water should be. This 
has been done for a few additional bases in Table IV. 

PREDICTED STRENGTH OF CERTAIN BASES IN WATER 

$KH 

Acetylphenylhydrazine f1.3 
P-Amino-acetophenone +2.75 
Benzamide - 1 
Carbazole <-1 
Dimethylglyoxime < -1 
p-Nitrosodiethylaniline >+5.5 
Pyrrole +0.4 

From a few titrations with sulfuric acid one may infer that  dianisyl- 
carbinol has a $KH < - 1 and hydrobenzamide > 4-5.5. 

The following bases, the constants of many of which are a t  least approxi- 
mately known in water, could not be titrated satisfactorily in acetic acid 
under the conditions used for the reason indicated. 

Base Insufficiently Soluble.-Alloxantine, dipiperonalacetone, diani- 
salacetone, tyrosine. 

Precipitation Occurred.-Acetone semicarbazone, o-aminobenzoic 
acid, p-aminobenzoic acid, 4-aminodiphenyl, asparagine, benzidine, di- 
phenylanisylcarbinol, dipiperonalacetone, ethylenediamine, glycocoll, hexa- 
methylenetetramine, Michler's ketone, 8-naphthylamine, m-nitro-aniline, 
a-nitroguanidine, 8-nitroguanidine, p-nitrosodimethylaniline, xanthydrol. 

Base Apparently Formed a Hemi-perchlorate.-Aminoazobenzene, 
diazo-amidobenzene, dimethylaminoazobenzene. 

Base Reacted with Chlorani1.-Aniline, hydrazine hydrate, methyl- 
phenylnitrosamine, p-nitrophenylhydrazine, phenylhydrazine, piperine, 
taurine, thiourea. 

Titration Curve Had an  Irregular Form.-p-Phenylenediamine, o- 
phenylenediamine, quinaldine, thiocarbanilide. 

Data Used in Preparing Fig. 2.-In Table V are given in order the 
identifying numeral of the base, its name, the P H ' ~ ~ ' )  of the titration mid- 
point as read from a large plot of Fig. 1, the preferred value of $KH for 
the base in water a t  25' as determined by averaging the values in the next 
column, the particular values selected from the literature and used in com- 
puting the average, and a letter or letters indicating the literature reference 
from which the value in question was obtained. Figure 2 was drawn with 
the values in Columns 3 and 4 of Table V as ordinate and abscissa, respec- 
tively. 
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TABLE V 
STRENGTH OF BASES IN ACETIC ACID 

p ~ f ( H A ~ )  p ~ ~ ( H z 0 )  

Propionitrile -3 65 -0 80 
Acetanilide -2 59 + 4 
o-Nitro-anllme - 2 0 3  + 00 
Acetamide - 1 6 4  - 48 
Urea - 0 9 3  + .10 

Dimethylpyrone - . 7 6  + . 4 0  
Diphenylamine - .74 + .85 
p-Nitro-aniline - .36 +1.9 
Acetoxime - .05 +1.75 

Colchicine + .19 +1.65 
o-Bromo-aniline + . 9 0  +2.60 
o-Chloro-aniline +1.00 +2.77 
Antip yrine 1-1.45 +1.51 

m-Chloro-aniline +1.93 +3.52 
m-Bromo-aniline +1.93 +3.51 
Semicarbazide +2.13 +3.66 
p-Chloro-aniline +2.20 +4.00 
p-Bromo-aniline +2.20 +3.91 
a-Naphthylamine +2.54 +3.99 

Methylanilinc 2 (i7 4.78 

a-Anisidine 2.69 4.51 
Methyl-o-toluidine 2.77 4.60 
Quinolirie 2.79 4.87 

Methyl-p-toluidine 2.79 5.34 
Ethylaniline 2.83 5.14 
Dimethylaniline 2.86 5.10 

Pyridiie 2.93 5.21 

- 0.8 W. L. 
f 0 . 3  Wo. 
+ .06 Lo. 
- .45 W. L. 
+ .10 W. W. L. 
+ .05 KO. 
+ .30 Wald. 
+ .64 Far. 

2.03 Lo. 
1.77 Lun. 
1.74W. L. 
1.65 K o ~  
2 60 G. 
2.77 G. 
1.66 Ko1 
1.49 B. G. 
1.42 Re. 
3.47 Fliir. 
3.51 Fliir. 
3.67 Wo. 
4.07 I?. W. 
3.94 F. W. 
3.92F.  W. 
4.02 H. 
4.78 Miz. 
4.67 Fliir . 
4.67 Bred. 
4.21 Spr. 
5.30 Spr. 
4.45 Miz. 
4.41 Bred. 
5.09 D. S. 
5.20 Br. 
5.10 Fliir 
5.20 Lo. 
4.79 Miz. 
4.70 Pring 
4.51 Spr. 
4.60 Spr. 
4.92 Bred. 
4.90 G. S. 
5.34 Spr. 
5.15 Pring 
5.17 B. G. K. 
5.03 Miz. 
5.12 Pring 
5.05 Miz. 
5.29 Lu. 
5.21 H. K. 

$0.5 Re. 
+ .06 G. I 
- .50 E. 0 .  
+ .13 2. 

.49 Spr. 
+l .06 Thi. 

1 . 8  Re. 
1.75 Wo. 

1.46 Spr. 
1 .5  Osb. 

3.65 Spr. 
3 .93 Fliir. 
3.87 Fliir. 
4.04 Spr. 

4.74 Br. D 
4.70 Spr. 

4.47 Br. D. 
4.40 Spr. 
5.08 Spr. 
5.12 Pring 
5.13 H. 
5.07 Br. D. 
4.86 Spr. 

5.13 Spr. 
5.10 L. G. 
5.06 Spr. 
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TABLE V (Concluded) 
*K?(=*C) g ~ I I ( H ~ O )  

46 Dimethylamine 2.96 10 71 10.69 Miz. 10.73 H. S. 
10 70 I. C. T. 10.70 Br. S. 

47 a-Picoline 2 98 6.5 6 65 G. S. 6 43 C. W. 
48 Diphenylguanidine 3.01 10.0 10.0 Kr. 10.0 Spr. 

10.0 H. 
49 Piperidine 3.03 11.09 1l.lORred 1 1 0 8 H S  
50a Diethylamine 3.05 10.95 11 00 Bred. 10.90 Spr. 
50b Triphenylguanidme 3.05 9.1 8.9 Kr. 9.3 Bar. 
51 Methyl-n-propylaniline 3.08 5.62 5.62 Spr. 
52a Methylethylaniline 3.10 5.99 5.99Spr. 
52b p-Aminodimethylaniline 3.11 6.48 6.59 H. 6.37 Mc.C. 
52c Ammonia 3.10 9.27 9.32Lund. 9.25 Miz. 

9.31 N. K. S. 
52d Tri-n-butylamine 3.10 9.85 9.85Spr. 
52e Di-n-butylamine 3.10 11.18 11.18Spr. 
52f Guanidine 3.10 13.5 13.5 Spr. 
53a Di-n-propylaniline 3.13 5.60 5.60Spr. 
53b Diethylaniline 3.15 6 5 2  6.64Pring 6.36L.G. 

6.55 Spr. 
53c Triethanolamine 3.15 7.78 7.78Spr. 
54a Dimethyl-o-toluidine 3.20 5.92 5.87Spr. 5.96 L. G. 
54b Diethyl-fi-toluidine 3.20 7.09 7.09Spr. 7.09 Spr. 
54c Triethylamine 3.18 10.74 10.72Br. 10.75 H. 
55 Diethyl-o-toluidine 3.36 7.16 7.16Spr. 

LIST OF REFERENCES IN TABLE V 
B. G. Bodforss and Guthe, Ber., 57,842 (1924). 
B. G. K. Unpublished measurements of Bredig reported in G. K. 
B. G. S. Unpublished measurements of Bredig reported in G. S. 
Bar. Private communication from Mr. Barrett. 
Br. D. Bronsted and Duus, 2. physik. Cham., 117,299 (1925). 
Br. S. Bruni and Sandonnini, 2. Elektrochem., 16,223-227 (1910). 
Bred. Bredig. Z. physik. Chem.. 13, 191 (1894). Values as recalculated in the 

"International Critical Tables," Vol. VI. 
C. W. Constam and White, Am. Chem. J., 29, 1-49 (1903). 
D. S. Denison and Steele, J. Chem. Soc., 89,999, 1386 (1906). 
E. 0. Von Euler and  lander, Z. physik. Chem., 131,107-126 (1927). 
F. W. Farmer and Warth, J. Chem. Soc., 85,1713 (1904). 
Far. Farmer, ibid., 117,806 (1920). 
Fliir. Fliirscheim, ibid., 97, 96 (1910). 
G. Goldschmidt. 
G. I. Goldschmidt and Ingebrechtsen, Z. physik. Chem., 48,435466 (1904). 
G. K. Goldschmidt and Keller, Ber., 35,3534-3549 (1902). 
G. S. Goldschmidt and Salcher, 2. physik. Chem., 29,89 (1899). 
H. Unpublished measurements by the present author. 
H. K. Hahn and Klockmann, Z. physik. Chem., 146,373403 (1930). 
H. S. Hantzsch and Sebaldt, ibid., 30,258-299 (1899). 
Kol Kolthoff, Rec. trav. c h i ~ . ,  41, 135 (1922). 
Ko, Kolthoff and Furman, "potenti~metric Titrations,'"ohn Wiley and Sons, 

Inc., New York, 1926. 
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Kr. Private communication from Professor C. A. Gaus.  
L. B. Ley and Grau, Ber., SIB, 17651775 (1925). 
Low. Lowenherz, Z. physik. Chem., 25,385 (1898). 
Lun. Lundkn, Landolt-Bornstein, "Tabellen," 5th ed. 
Myr. Myrback, Z. physiol. Chem., 158, 160-301 (1926). 
McC. Private communication from Dr. H. N. McCoy. 
Miz. Mizutani, Z. physik. Chem., 116, 350 (1925) ; 118, 327 (1926). 
N. K. S. Noyes, Kato and Sosman, ibid., 73, 1 (1910). 
Osb. Unpublished measurements by K. B. Osborne in this Laboratory. 
Pring Pring, Trans. Faraday Soc., 19,705-717 (1924). 
Re. Unpublished measurements by V. A. Reinders in this Laboratory. 
Spr. Unpublished measurements by M. R. Sprinkle in this Laboratory. 
Thi. Thiel, Z. Elektrochem., 35, 274-8 (1929). 
W. L. Walker, Z. physik. Chem., 4, 319-343 (1889). recalculated in Lun. 
W. W. L. Walker and Wood, J. Chem. Soc., 83,484 (1903), recalculated in Lun. 
Wo. Wood, ibid., 83, 568 (1903). 
Wald. Walden, Ber., 34, 4186, 4197 (1901). 
2. Zawidski, ibid., 37, 2289 (1904). 

It was necessary to make a complete resurvey of the literature in preparing Table 
V. In  this the well-known compilation of Scudders was of great assistance as were the 
various large tables of physico-chemical data. All these sources must be used with cau- 
tion for the following reason. Although most determinations of base strength in water 
are made by a hydrolytic method which leads directly to the calculation of K E  instead of 
Kg.  the data are all converted to values of Kg in the tables with the use of a great variety 
of valuesfor K,, so that it is nearly always necessary to go to the original paper in order 
to  find out which value of K ,  was used in the particular computation under review. 
The advantages of the p K n  values used in this paper over the values of Kg are obvious. 
Moreover, as the bases must be compared a t  a single temperature (here 25O), many of 
the data in the literature which apply to some other neighboring temperature are useless 
unless a suitable temperature correction can be applied to them. Mr. Sprinkle in this 
Laboratory has determined the temperature coefficient of ~ K H  for a number of bases of 
dserent  strengths, and found the coefficient to increase with the base strength from 
about ApK=/At  = 0.01 at  ~ K H  = 4 to about A@KH/AI  = 0.02 a t  ~ K H  = 11. This 
work will shortly be published in connection with new determinations of the strength of a 
variety of bases in water. The coefficients found by Mr. Sprinkle have been used in 
correcting to 25" those data in the literature which were obtained a t  temperatures from 
15 to 40 O, where a determination on a given base a t  25" by the same author was lacking. 

The values cited do not represent a complete list of the values published up to the 
present time. The determinations of Veley, aside from being made a t  low temperatures 
and by unreliable colorimetric methods, are so discordant with other work as to  appear 
valueless and have not been included. They may be found in Scudder, and in Landolt- 
Bornstein. The work of Bourgeaud and Dondelinger,g while in many cases it agrees with 
that of others, has been justly criticized by various authors10 as fundamentally unreliable, 
and includes a number of values so fantastically incorrect as to make it seem advisable 
not to include any of it in the averages. The values of Farmer and Warth have also 

Scudder, "The Conductivity and Ionization Constants of Organic Compounds," 
D. Van Nostrand Co., New York, 1914. 

9 Bourgeaud and D~ndelin~er,  Bull. sac. chim., 43, 37, 277 (1925). 
lo See, for example, Carothers, THIS JOURNAL, 49,2908-2914 (1927). 
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been criticized by Fliirscheim and are mostly distinctly too low ( i .  e., pKH is too low). 
They have been omitted except in a few cases. 

The work of Myrback is peculiar in that every one of his values of PKH is lower than 
the most probable value by an amount varying from 0.07 to 0.51 PH units (average 
0.25). The use of a string soaked in concentrated hydrochloric acid as a salt bridge from 
his saturated calomel electrode to the weakly acid solution he was measuring, as well as a 
temperature drop of 7" along his salt bridge, may have contributed to these discrepan- 
cies His reasons for preferring his own results are not convincing, and I have used them 
only when other reliable values were lacking. 

During the correction of the proof i t  was found that certain data of EIuhn and Was- 
sermannlOa had been overlooked in preparing Table V and Fig. 2.  The additional values 
are: for 9 ,  o-nitro-aniline, -0.3, making pKH(H20)  = -0.06; for 18, p-nitro-aniline, 
t 1 . 0 ,  making pKa(H20) = +1.6. The effect of both of these changes would be to 
bring the corresponding points in Fig. 2 closer to the line, and this would be true to a still 
greater extent if the values of Farmer and Warth for these bases (- 0.32 and + 1.02) 
were also included. The revised values would then be -0.13 and -1.4. 

Acid Strength in Other Non-aqueous Solvents.--Results somewhat 
similar to those in the present paper have been reported by other authors 
for other solvents as follows. Michaelis and Mizutanill and Mizutani12 
have shown that in various methanol-water and ethanol-water mixtures 
the acidity constants of numerous uncharged acids on the one hand and 
cation acids on the other exhibit roughly equal changes within each class 
for a given change in composition of the solvent. Goldschmidt and 
Mathiesen13 by aminolytic measurements have shown much the same thing 
in regard to dissociation constants of the two types of acids in absolute 
methanol, absolute ethanol and certain aqueous mixtures. Bronsted,14 
by a colorimetric method, has determined the relative acidity constants of 
numerous indicators and uncolored acids in benzene. Acids of the same 
type are evidently nearly equally affected by transfer from water to ben- 
zene, while the strength of cation acids is relatively greatly increased by 
this transfer. 

Materials.-Practically all the bases studied were purchased from the 
Eastman Kodak Company. A few were obtained from laboratory stock 
at the Harvard Chemical Laboratory and in this Laboratory and these were 
specially prepared or purified before use. In most, but not all, cases the 
Eastman liquids were redistilled and characterized by their boiling points, 
and the melting points of the solids were determined. 'Where necessary, 
special purification processes were used. I am indebted to Professor Ten- 
ney L. Davis for certain urea derivatives, and to Dr. Wallace H. Carothers 
for a number of amines and amides. The other materials were prepared 
and used as described in the earlier papers. 

lo' Kuhn and Wassermann, Helv. Cltim. Acta, 11,3 (1928). 
Michaelis and Mizutani, 2. physik. Chem.. 116, 135-159 (1925). 

l2 Mizutani, ibid., 118, 318-326; 327-341 (1925). 
I 3  GoldSchmidt and Mathiesen, ibid., 119,439-473 (1926). 
14  Bronsted, Ber., 61,2049-2063 (1928). 
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Summary 

1. A large number of organic bases have been titrated with perchloric 
acid in glacial acetic acid solution. 

2 .  It is shown that the relative strengths of the bases in acetic acid and 
in water are nearly proportional and that. it is possible to determine by 
titration in acetic acid the "water" strength of certain bases which cannot 
be studied in water. 

3. A large part of the published data on the strength of bases in water 
has been critically resurveyed and the values "corrected" to 25' where neces- 
sary in accordance with new determinations of the temperature coefficient 
of fiKH for bases of different strengths. 

MADISON, WISCONSIN 

A STUDY OF THE DENSITY, SURFACE TENSION AND 
ADSORPTION IN THE WATER-AMMONIA SYSTEM AT 20"' 

In view of the fact that liquid ammonia behaves as an ionizing medium 
for electrolytes it was thought that the determination of its behavior 
as a polar liquid toward adsorbed substances containing polar groups 
would be of interest. As a preliminary step this investigation is con- 
cerned with the surface tension of water-ammonia mixtures as compared 
with the theoretical values for ideal mixtures obtained by Whatmough's 
rule.2 The resemblance of these two liquids as a solvent can be thus 
quite satisfactorily indicated. Incidentally some indication of the ex- 
tent to which ammonia is associated in the liquid state may be observed. 

Surface tension in liquid ammonia has been investigated by Berthoud3 

but the range of his work was not extensive. Rice4 recently has made 
Contribution No. 155, Department of Chemistry. 
W. H. Whatmough, Z .  fihysik. Chem., 39,129 (1901). 

a A. Berthoud, Helv. Chim. Acta, 1,84 (1918). 
4 0. K. Rice, J .  Phys. Chem., 32,584 (1928). 
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determinations upon solutions up to a concentration of 14 moles per liter. 
Apparently Rice's method lacked certain refinements, particularly precau- 
tions relating to distillation from the capillary surface, thorough mixing 
and de~lsity determinations. 

It was necessary to develop a method for determining the density of 
solutions, for no data upon the density of ammonia-water mixtures at 
20° could be found in the literature for concentrations abovc 50y0 ammonia. 

Experimental Procedure 
The capillary height method was used to determine the surface tension. The appa- 

ratus, a modification of the Richards and Coombs type, was constructed of a heavy grade 
pyrex tubing (Fig. 1-A). The cylindrical bowl, 
35 mm. in diameter, was used to provide a sur- 
face of such size that its center portion would 
provide a flat surface. A capillary side arm 
was attached to the bowl below and to the stem 
above with a gooseneck at  its juncture with the 
stem. This design permitted thorough irriga- 
tion of the capillary a t  will and yet prevented 
the liquid which drained down from the walls 
after agitation of the contents from draining 
into the capillary. 

The bowl was banded by three rings etched 
into the glass. These served only as a guide 
when filling the tube so that the quantity of 
liquid introduced could be approximated quickly 
and controlled. The portion of the tube above 
the juncture of the side-arm to the stem was 
designed to serve as a pycnometer. The barrel 
and the small tube attached were of such size 
that the volume of the pycnometer measured 
from the upper end down to the upper end of 
the graduated scale in the stem was about equal 
to the volume of the bowl and side-arm up to 

B 
the middle ring of the bowl. This provided an A 
apparatus easily handled in which the density 
and surface tension of a given solution could be 
determined without the necessity of transferring 
it to other apparatus or even unsealing the tube. 
Errors in transference of solutions or escape of 
gaseous substances were entirely eliminated. 

Gaseous ammonia was condensed into the 
tube by carbon dioxide snow. Figure 1 shows 

, , 
Fig. 1.-A, Showing method of in- 

troducing ammonia  vapor into 
apparatus where it is condensed; B, 
showing method of measuring volume 
of vapor phase in density determina- 
tion. The total volume is determined 
subsequently. 

- 

how the apparatus was connected to fill the tube. The gas was led first to a dryiig 
train consisting of freshly ignited aluminum oxide. A T-tube with rubber connections 
through which protruded a small bore tube which reached down into the top part of the 
bowl was used to introduce the gas into the tube. 

Last in the train of apparatus was a mercury trap which served to control and in- 
crease pressure and condensation. The tubes were dried, weighed and then filled with 
sulfuric acid-dichromate cleaning solution and allowed to stand until the next fill. 
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They were then thoroughly rinsed with surface tension water and dried only when to be 
filled with pure ammonia. 

When sufficient ammonia was condensed, the delivery tube was partly removed 
from the apparatus until the rim of the tube was softened in the flame; then the delivery 
tube was held just above the opening until the apparatus was sealed. In this manner 
air was excluded while the tube was being sealed. In measurements where density 
determinations were to be made, the tip, or sealed-off piece, was retained to be included 
in further weighings. Capillary height readings were taken with a William Gaertner 
calibrated traveling microscope. 

Densities for solutions above 50y0 ammonia a t  20° were determined by weighing 
the tube before and after filling and measuring the volume of the pycnometer on the 
calibrated volume scale, the tube being in the inverted position shown in Fig. 1-B while 
volume readings were taken. The water sample was weighed in, ammonia was intro- 
duced, and the tube was sealed off and weighed. After reading the capillary height the 
tube was inverted and the volume of the vapor was read on the calibrated scale on the 
stem of the pycnometer. The volume of the liquid was determined by difference after 
the total volume of the tube had been measured. The tube was opened by heating a t  
the tip with a needle flame after the pressure had been greatly reduced in carbon dioxide 
snow. When the tubes were opened a small pin-hole was blown through the tip The 
sharp edges were melted back, and the minute bulb raised with the pin-hole was shrunk 
back to its former shape. Thus the volume of the tube was not altered, 

Meniscus volume corrections were made by means of the Bashforth 
and Adams data in the "International Critical Tables," Vol. I, p. 73. 
Corrections for air buoyancy were made on all weighings. 

Obviously the vapor, especially a t  high pressures, would contain enough 
ammonia to affect the calculated value of the density. The tables of 
Wilson5 were used to give the total vapor pressure of ammonia-water 
mixtures and the composition of the vapor phase corresponding to each 
solution composition studied. The density of the vapor present was 
assumed to be directly proportional to the pressure and the mean mo- 
lecular weight of the vapor. 

in which Da, Pa and Ma refer, respectively, to the density, pressure and 
molecular weight of the vapor above pure ammonia and D, P and M 
refer, respectively, to the density, pressure and mean molecular weight 
of the vapor above the solution. Since the vapor over the solutions whose 
densities were determined in no case contained greater than a few tenths 
of 1% of water vapor, no objectionable error was introduced by omitting 
the second proportionality factor from density calculations. The density 
of saturated ammonia vapor at  20' was taken as 0.007474 from the Landolt- 
Bijrnstein Tables. However, in the data for pure liquid ammonia the 
vapor and liquid densities were taken from the Bureau of Standards 
Circular NO. 142, Tables of Thermodynamic Properties of Ammonia. 

Sufficient density determinations were made to determine the curve 
T. A. Wilson, Univ. Illinois, Eng. Exptl. Sta. Bull. No. 146 (1925). 
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plotted in Fig. 2. These were plotted on sufficiently large scale to be 
read to the fourth significant figure. 

Appaxatus.--All pieces of apparatus were carefully calibrated. The 
dia~eters  of the capiljaries were carefully determined by measuring the 
length of a weighed pellet of mercury at  successive positions in the capil- 
lary. An additional check ,,, I 
was made with the purest ob- 
tainable thiophene-free ben- 
zene. 80 i(v \;------- 

The formula used for cal- . 
culating surface tension was $ 

R 
1 9..2 

r (h + y / 3 )  (d - D)g 6o I q\ 
Y = . I 

2 
4 Q<. 

in which r is the radius of 8 1 
the capillary, h the capillary & 

d height, d the density of the 40 
I \. r, 1 

liquid, and D the density of .Y 
the vapor. $ 20 \ 'd \:, 

Discussion of Results 
The surface tension of 

liquid ammonia as  deter- 
0 mined in this work agrees 
0.60 0.70 0.80 0.90 1.00 

closely with Berthoud'sa Density. 
at ' if his data are Fig. 2.-1, Densities of water-ammonia mixtures 

calculated the corrected at  20'. Solid line covers range of experimental 
capillary height formula as determinations. Solid circles are determinations 
given above. Measurements by Mittasch, Kuss and Schlueter. Lower points 

at 00 were made in a trans- from "International Critical Tables." 2, Densities 
a t  15' for comparison taken from "International 

parent Dewar tube. Critical Tables." 
In the range of 0-20' the 

molecular weight of liquid ammonia was calculated by the differential 
method of Ramsay and Shields.Vhe value of K was found to be 1.662, 
indicating an apparent molecular weight of 24.5, or approximately 3/2 NHB. 
Such a condition must indicate an equilibrium mixture of two or more 
molecular components, as possibly (NH3)2 (60%) ' 2NH3 (40%). The 
surface tension-temperature data in Table I1 when plotted appear to lie in 
a nearly straight line, indicating a temperature coefficient of 0.220 dyne 
per degree centigrade. 

The determined densities of solutions above 50% NHB are tabulated 
in Table I and plotted in Fig. 2 along with data from Mittasch, Kuss 
and S~hlueter,~ and with data from the "International Critical Tables." 

6 Ramsay and Shields, 2. physik. Chem., 12,431 (1893). 
7 Von A. Mittasch, E. Kuss, and H. Schlueter, 2. anorg. allgem. Chem., 159,l (1926). 

I 
\ 

\. 'I 
'\ 

':\ 
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Rad. Cap. ht. Surf. Ammonia 
w t .  % of cap., Density C O . )  tens., Molesfiter adsorption 

NHs cm. of soh. em. dynes/cm. NH1 moles/sq. cm. X 10" 
100.00 
97.36 
97.18 
96.68 
96.66 
91.41 
90.94 
90.81 
89.81 
89.72 
80.95 
78.38 
75.07 
72.49 
72.56 
70.47 
64.51 
63.64 
61.16 
54.40 
53.48 
47.45 
44.56 
35.98 
29.70 
24.14 
14.61 
7.72 
0.45 

" Densities 

. . . . 
0.03344 

.03477 

.03477 

.03334 

.03344 
,03450 
.03470 
.03335 
.03335 
: 03472 
,03335 
,03464 
.03335 
,03466 
,03336 
,03472 
.03340 
.03468 
,03468 
,03340 
.03346 
.03339 
.03347 
,03349 
.03347 
.03349 
.03350 
.03349 

determined 

0.61029 .... 22.03 
,6232 2.2600 22.81 
.6240a 2.1681 22.78 
.6262" 2.1895 23.09 
.6263" 2.2764 23.02 
.6505 2.3426 24.70 
.6530 2.2359 24.42 
.6531° 2.3261 24.57 
,6577" 2.3604 25.11 
,6585 2.3681 25.22 
,6984" 2.3876 28.11 
.7094 2.5530 29.34 
.7240a 2.5061 30.57 
.7356" 2.6700 31.84 
.7354" 2.5381 31.44 
,7443 2.7325 32.99 
.7705" 2.7539 35.87 
.7744 2.8938 36.40 
.7850a 2.8574 37.90 
.8111a 3.0335 41.63 
.8149 3.2114 42.65 
,8363" 3.3965 46.42 
.8458 3.4831 48.08 
.8730 3.6559 52.29 
.8890 3 .%I36 55.58 
,9094 3.8948 58.02 
,9409 4.0304 62.15 
.9661 4.1507 65.74 
.9960 4.4444 72.55 

. Other densities taken from 

35.836 
35.628 
35.608 
35.550 
35.548 
34.917 
34.870 
34.826 
34.682 
34.693 
33.198 
32.651 
31.915 
31.312 
31.334 
30.799 
29.187 
28.940 
28.192 
25.909 
25.591 
23.302 
22.132 
18.444 
15.504 
12.891 
8.072 
4.378 
0.264 

curve. 

TABLE I1 
TEMPERATURE COEPPICIENT OF SVRPACE TENSION OF PURE AMMONIA 

Temp., "C. Radius of cap., cm. Cap. ht., cm. d - D  Surface tension 

0.0 0.03609 23,554 0.63511 26.44 
0.0 .03625 23.423 .63511 26.42 
0.5 .03458 24.501 .63433 26.33 

10.0 .03609 22.181 .61985 24.31 
10.0 .03625 22.029 .61985 24.25 
20.0" . . . . .... .60360 22.03 

" Average of twelve determinations ranging from 21.94 to 22.09. 

The data from all three sources agree very well. The density curve at 
15" was included in broken lines for the purpose of comparison. The 
solid line portion of the lower curve in Fig. 2 represents the values de- 
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termined experimentally. The accuracy is indicated from the fact that  
the density curve joins closely with the points obtained by Mittasch, 
Kuss and Schlueter7 and that the curve follows closely the character of 
the 1.5' density curve. The eight density determinations on pure am- 
monia, averaging 0.61026 (range 0.6100-0.6107) compared with the 
Bureau of Standards value of 0.61029, is additional evidence to  show the 
accuracy and dependability of the method used in this work. 

The surface tension values found in Table I were calculated from ex- 
perimental data, the densities being taken from the curve. All surface 
tension determinations were made under conditions such that the per- 
centage composition of the solution could be determined even though 
the volume were not such as to make a density determination possible. 

Rice4 has made surface tension determinations of solutions of ammonia 
in water up to a concentration of 14.08 moles per liter. His values through- 
out were lower than those obtained in this work with a greater difference 
a t  lower concentrations. Since Rice determined density by transferring 
solutions to a pycnometer and reading the concentration from density- 
concentration tables, disagreement of results is to be expected. Rice 
ascribed fluctuations in capillary height to the action of ammonia on 
glass; they could equally as well be ascribed to a state of unequilibrium 
because of difficulty in obtaining thorough mixing in the system, also 
to the fact that the apparatus was not enclosed in a thermostat. 

The pyrex glass apparatus used in this work gave no cause for any sus- 
picion as to its reaction with ammonia. When the system had been 
given time to come to temperature equilibrium, the contents had been 
thoroughly mixed, and the capillary had been irrigated several times, 
the capillary height became constant within a moderate period of time 
necessary for the draining of the walls of the apparatus. 

The observed surface tension values were compared with theoretical 
values obtained by Whatmough's2 modification of the Volkmann rule 

r = (V1r1 f V2ra)R 
in which Vl and V2 are the volume fractions of the components, yl and 
7 2  are the surface tensions of the pure components, and R is the ratio 
of the calculated to the observed density. The values are shown graphi- 
cally in Fig. 3. It is to be observed that the theoretical and observed 
surface tensions are in good agreement except in the middle region, where 
a divergence of less than six dynes occurs. I t  is of interest to note that 
the vapor pressure of the system goes through a marked depression from 
the normal in this region, thereby conforming to Worley's rule8 of per- 
fectly miscible liquids. Worley shows for a number of mixtures that  
abnormalities of surface tension tend to move contrariwise to abnormali- 
ties in vapor pressure. 

Worley, J .  Clzem. Sac., 105,273 (1914). 
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It is evident from the surface tension and thermodynamic standpoint 
that the system does not deviate radically from what is to be expected 
of a perfect mixture. No doubt the formation of ammonium hydroxide 
contributes to such deviation, but no attempt is made to take it into ac- 
count. Consequently it is to be expected that liquid ammonia would be- 
have as a polar liquid similar to water, and that orientation of substances 
on the surface of liquid ammonia would be quite similar to their orientation 
on water surfaces. The surface tensions of solutions of ammonium salts 
of aliphatic acids in liquid ammonia are being investigated a t  present in 
this Laboratory with the intention of determining the surface adsorption. 

0 20 40 60 80 100 
Volume per cent. 

Fig. 3.-Theory of admixtures applied to surface tension of ammonia- 
water mixtures. 1, Surface tensions calculated by Whatmough's rule; 2, 
theoretical values for a perfect mixture; 3, observed values for volume 
per cent., V,/V, + V,; 4, observed values for volume per cent., Va/VsT,,~.. 

Deviation of the ammonia-water system from the rule of admixtures 
might be due to adsorption of one or the other component in the surface. 
Assuming such to be the case, and assuming that deviation of the slope 
of the surface tension-log activity curve from the normal curve derived 
from the rule of admixtures would indicate the adsorption when used in 
the Gibbs equation 

such values have been assembled in Table I. They consist of from 1 to 5% 
of the normal surface concentration. It is of interest to note that it changes 
sign in the region of 50% ammonia, being negatively adsorbed in dilute 
solutions and positively adsorbed in the upper range of concentration. 
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The activities of ammonia in the mixtures were calculated by the ap- 
proximate method of Lewis and Randall,g taking the activity equal to 
the concentration in pure liquid ammonia. 

Summary 

1. The surface tension of liquid ammonia a t  0, 10 and 20°, and its 
temperature coefficient were determined. 

2 .  By the differential method of Ramsay and Shields the molecular 
weight of liquid ammonia is found to be 24.5. 

3. Surface tension and density of water-ammonia mixtures from 50- 
100% NH3 a t  20° are given for the first time. 

4. A method is shown whereby the surface tension and density of a 
solution may be determined in the same sealed tube without removing 
the contents. 

5. Surface tensions of water-ammonia mixtures follow closely values 
to be expected from the rule of admixtures except in the middle region, 
where a divergence of less than six dynes occurs. 

6. Assuming divergence to be due to adsorption, i t  is shown that  ad- 
sorption of ammonia in the surface is small, amounting from one to  five 
per cent, of the normal surface concentration. 

MANHATTAN, KANSAS 

[CONTRIBUTION FROM THE DOHME LABORATORY OF PHYSICAL CHEMISTRY IN THE 

UNIVERSITY OF MARYLAND] 

THE QUANTITATIVE PRECIPITATION OF SULFIDES IN 
BUFFERED S0LUTIONS.I I. COBALT SULFIDE 

BY MALCOLM M. HARING AND MARTIN LEATHERMAN 
RECEIVED SEPTEMBER 4, 1930 PUBLISHED DECEMBER 18, 1930 

Introduction 
The separation of metals by means of sulfide precipitation in acid or basic 

solution has long been practiced. However, the regulation of the degree 
of acidity and the conditions under which a thoroughly satisfactory precipi- 
tate may be obtained have not been the subject of much careful study. 
Fales and Ware2 carefully investigated the conditions under which zinc 
sulfide might be precipitated quantitatively, but practically nothing else 
is available. Such a study on cobalt sulfide seemed desirable because the 
methods for the determination of this element are neither so numerous nor 

Lewis and Randall, "Thermodynamics and the Free Energy of Chemical Sub- 
stances," McGraw-Hill Book Co., Inc., New York, 1923. 

1 Part of a thesis submitted by Martin Leatherman in partial fulfilment of the re- 
quirements for the degree of Doctor of Philosophy in the Graduate School of the Uni- 
versity of Maryland. 

2 Fales and Ware, THIS JOURNAL, 41,487 (1919). 
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satisfactory as might be wished, and because solid cobalt sulfide behaves 
so peculiarly when treated with acids. 

Review of Literature.-Fresenius3 and Landrum4 both discuss the 
precipitation of cobalt sulfide by ammonium sulfide, but neither takes up 
acidity control. Both convert the sulfide to oxide and reduce the latter 
with hydrogen for the final weighing. Low5 describes a method whereby 
cobalt sulfide is precipitated, together with nickel sulfide and traces of zinc 
sulfide, in a solution buffered with ammonium acetate. The cobalt and 
nickel mixed are weighed as oxides. No details are given as to the PH 

maintained, the character of the precipitate, etc. 
Theoretical.-The physical character of a precipitate is conditioned, 

among other factors, upon the rate of formation. The latter is largely gov- 
erned by the ionic concentrations concerned. Since the concentration of 
sulfide ion is dependent upon the hydrogen-ion concentration, the use 
of a buffer to control the acidity in sulfide precipitations is very desirable. 

Apparatus.-The weights used were carefully calibrated. The meas- 
urements of PH were made using a Hildebrand type bubbling electrode. 
A small electric resistance furnace equipped with a silica tube was used for 
the roasting and reduction. Porcelain boats were used to hold the cobalt 
sulfide. 

Materials.-The hydrogen, made by the action of zinc on 30% sulfuric 
acid, was purified by passage through alkaline pyrogallate, alkaline per- 
manganate and distilled water. 

The hydrogen sulfide was passed through absorbent cotton to filter out 
spray and then through two bottles of distilled water. 

All materials were of "reagent" quality. Blanks were run on the acetic 
acid and ammonium acetate, and a constant weight of 0.2 mg. subtracted 
from all determinations to allow for the non-volatile impurities. Stock 
solutions of these reagents were made up in sufficient volume to permit 
the same solutions to be used throughout the work. 

The water had a specific conductance of 2 X mhos. 
Metallic cobalt was used as the raw material in all experiments. It was 

purified from a good grade of CoClz-6Hz0 by the chloropentamminecobaltic 
chloride method described in Biltz-Hall and Blan~hard.~ The chloride 
from the purification process was precipitated as sulfide, roasted and re- 
duced with hydrogen to produce the metal in a very suitable form. No 
trace of nickel was detected by the dimethylgloxime method, or of iron 
by addition of ammonia. It had been hoped that the purified hexahydrate 

Fresenius, "Quantitative Analysis," (Am. ed.), Vol. I, Section IIIC, p. 307. 
Landrum, Trans. Am. Ceramic Soc., 12,144 (1910). 
Low, "Technical Methods of Ore Analysis," p. 191. 
Biltz-Hall and Blanchard, "Laboratory Methods of Inorganic Chemistry," 

1909, p. 173. 
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might be weighed out directly, but it is sufficiently efflorescent to make its 
use inadvisable. The anhydrous form is easily made but cannot be weighed 
out with certainty without the most extreme precautions 

Discussion of Experiments 

About 0.2 g. of metallic cobalt was found to be a suitable quantity for 
these experiments. This amount was weighed out into a 250 cc. beaker 
and dissolved in 5 cc. of concentrated hydrochloric acid. The solution was 
evaporated to dryness on an asbestos-covered hot-plate until all the chloride 
showed the bright blue color of the anhydrous salt and there was no odor 
of hydrochloric acid; 25 cc. of 0.4 N ammonium acetate, 40 cc. of water and 
sufficient 6.8 N acetic acid to produce the desired acidity were added and 
the PH measurement made. 

Ammonium acetate was chosen as the salt of the buffer mixture used 
for the following reasons. Moist cobalt sulfide is readily oxidized by oxy- 
gen from the air. Hence washing with pure water will yield low results due 
to loss of soluble sulfate. Washing with hydrogen sulfide water is like- 
wise inadvisable due to the tendency shown by many sulfides to peptize 
under such conditions. Therefore, for good results, non-volatile materials 
except cobalt salts should be absent at  this point. Ammonium acetate is 
completely volatile and maintains the acidity desired and hence is emi- 
nently suitable for the purpose; 25 cc. of 0.4 N solution was fo.und to pro- 
vide an ample margin of safety in nullifying the effect of the acid liberated. 
PH measurements could not be made with the hydrogen electrode on the 

mother liquor after precipitation since hydrogen sulfide poisons the elec- 
trode. The effect of the liberated acid was ascertained indirectly. Vary- 
ing amounts of 6.8 N acetic acid were added to 25 cc. of 0.4 N ammonium 
acetate and the whole made up to 65 cc. The PH was determined, 38.6 cc. 
of 0.1 N hydrochloric acid was added and the PH redetermined. This 
quantity of hydrochloric acid is equivalent to that liberated when 0.25 g. 
of cobalt is precipitated as sulfide. At the PH finally selected (3.93) the 
decrease in acidity caused by precipitation was found to be 0.28 PH units. 
Since but 0.2 g. of cobalt was used in analysis, the decrease would be even 
smaller than this. 

The initial PH having been determined, the solution was transferred 
back to the Erlenmeyer flask. The beaker and electrode washings had 
by this time increased the volume to about 95 cc. Hydrogen sulfide was 
then passed through the flask, but not through the solution, for about five 
minutes, after which the exit was closed and the pressure allowed to  rise 
to the maximum produced by the Kipp generator. This was maintained 
throughout the period of precipitation. Preliminary experiments had re- 
vealed that cobalt sulfide is powerfully adsorbed by glass and that this 

7 Baxter and Coffin, THIS JOURNAL, 28, 1580 (1906). 
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adsorption is prevented by using a hot solution, by washing down the walls 
of the flask just before admitting hydrogen sulfide, and by having no agi- 
tation during the first few minutes of precipitation. Accordingly the 
solution was heated just to boiling prior to precipitation, the flask walls 
were immediately washed down and there was no agitation for a t  least the 
first five minutes of precipitation. Heating likewise increased the speed 
of precipitation and made the precipitate more compact. Giving the con- 
tents of the flask a gentle swirling motion after the earlier stages of precipi- 
tation also served to speed up this operation. The precipitation period 
was always continued until the contents of the flask were a t  room tem- 
perature (forty-five minutes to one hour). For the very low PH values, 
precipitation was continued overnight. The precipitate always settled 
quickly, leaving a crystal clear mother liquor. At the higher PH values 
precipitation was very rapid and the precipitate flocculent and very bulky. 
The speed of precipitation diminished with diminishing PH, and the pre- 
cipitate was very compact, forming an exceedingly thin layer in the bottom 
of the flask. 

Filtration was carried out as expeditiously as possible. A rapid filtering, 
"ashless," fluted filter paper of 9 cm. diameter was used. The bulk of 
the precipitate and mother liquor was poured through this filter. Then 
the filtrate was used to wash out of the flask and onto a 3 cm. filter the 
remaining precipitate. In this way no liquid was poured over the precipi- 
tate after it had dried to the.least extent. As stated previously, non-vola- 
tile materials should be absent a t  this point so that washing will be un- 
necessary. If this is impracticable, washing may be carried out by using 
as wash water a buffer solution of the s a m e P ~  as that used in precipitation, 
previously saturated with hydrogen sulfide and cobalt sulfide. The filtrate 
was always tested for cobalt by means of Vogel's test.* This test was found 
to be sensitive to 0.01 mg. of Co++ per 10 cc. of solution. By this means it 
was proved that each precipitation had been made as complete as possible 
under the conditions. 

The procedure of Fales and Ware2 could not be followed from this point 
because sulfuric acid, even when hot and concentrated, appeared to have 
little effect on the cobalt sulfide. Therefore instead of weighing as the 
sulfate it was decided to roast and reduce to the metallic state. 

The filter papers and precipitate were dried a t  100°, then burned in a 
porcelain crucible until carbon was removed. The residue was transferred 
to  the porcelain boat, roasted a t  a dull red heat for half an hour, then re- 
duced in hydrogen at  1000° for twelve to fifteen minutes, cooled in hydro- 
gen and weighed as metal. I t  was found that a reduction temperature 
even as high as 800' was insufficient to destroy completely pyrophoric co- 
balt. The results of this study are displayed in Table I and Fig. 1. 

Treadwell, Z. anorg. Chem., 26,105 (1901). 
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TABLE I 
SHOWING COMPLETENESS OF PRECIPITATION OF COBALT AS THE SULFIDE FROM SOLUTIONS 

OF VARYING ACIDITY 
Error in parts 

Taken, g. Found, g. PR Acid added, cc. per 1000 

0.2015 0.2013 6.15 0.0 -1.0 
.2360 .2357 6.15 .O -1.2 
.2035 .2034 5.17 .2 - 0.5 
.2015 .2012 5.18 .2 -1.5 
.2005 .2004 4.40 1.5 - 0.5 
.I997 .I995 4.44 1.5 -1.0 
.I890 .I891 4.16 3.0 3-0.5 
.I826 .I823 4.16 3.0 -1.6 
.2022 .2021 3.93 4.5 -0.5 
.2047 .2048 3.93 4.5 +O.  5 
.2226 .2223 3.82 5 .5  - 1.3 
.2286 .2284 3.83 5.5 -0.9 
.2109 .2107 3.72 7.5 -0.9 
.2266 .2263 3.71 7.5 - 1.3 
.2081 .2079 3.63 9.0 -1.0 
.2027 ,2024 3.63 9.0 -1.5 
.2007 .2003 3.52 12.0 -2.0 
.2023 .2018 3.50 12.0 -2.0 
.2124 .2110 3.36 16.0 -6.6 
.2021 .2008 3.35 16.0 -6.4 
.I795 .I634 3.09 32.5 -90.8 
,1832 .I697 3.10 32.5 -70.4 

As will be noted, precipitation was complete, within 0.5010, a t  a PH of 
about 3.6 .  No appreciable increase in error was noted a t  high PH values 

Initial PR. 
Fig. 1.-Relation between completeness of precipitation and 

initial acidity. 
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such as was found by Fales and Ware2 with zinc sulfide. As already stated, 
the PH value selected for the quantitative precipitation of cobalt sulfide 
should be as low as is consistant with complete and fairly rapid precipita- 
tion. At PH 3.93 these conditions were met. The precipitation is com- 
plete in less than one hour and the precipitate compact and granular so that 
only a very small filter is needed. The PH values recorded in Table I are 
the initial values, i. e., before precipitation. The slight variations in PH 

observed between duplicates is doubtless due to the fact that there was 
a small loss of hydrogen chloride when the chloride solution was evapo- 
rated to dryness, To test out the method, six more determinations were 
made at  this PH with results as recorded in Table 11. 

TABLE I1 
SHOWING ACCURACY OF DETEWINATION UNDER OPTIMUM CONDITIONS FOR PRECIPITA- 

TION AS THE SULFIDE 

Error in parts 
Taken, g. Pound, g. Pa Acid added, cc. per 1000 

0.2033 0.2034 3.92 4 . 5  +0 .5  
.2008 .2006 3.92 4 . 9  - 1.0 
.2066 .2065 3 .94  4 . 5  - 0.5  
.2044 .2043 3.93 4 . 5  - . 5  
.2027 .2027 3.95 4 .5  * . O  
.2035 .2036 3.91 4 . 5  + . 5  

It was thought that nickel and cobalt might be determined simultane- 
ously by this method. If so, nickel could be determined separately in 
the metallic product by the dimethylglyoxime method and cobalt by dif- 
ference. Investigation showed that nickel sulfide is precipitated practi- 
cally completely at the same PH as cobalt sulfide. However, the much more 
highly pyrophoric nature of nickel prevented the obtaining of accurate 
results. This investigation is to be pursued further. 

A few determinations were made to investigate the effect of concentra- 
tion and the influence of ammonium salts. Although the results cannot 
be considered conclusive, large quantities of ammonium salts and a low 
concentration of cobalt ion appear to diminish somewhat the precision of 
the method. 

Summary of the Method 

Prepare an aqueous solution containing about 0.2 g. of cobalt prefer- 
ably as chloride. Free acid should be absent. Add 25 cc. of 0.4 N 
ammonium acetate, 4.5 cc. of 6.8 N acetic acid and 70 cc. of water. Heat 
to boiling in a 300-cc. Erlenmeyer flask, remove from flame, wash down 
and saturate with hydrogen sulfide under slight pressure until the solu- 
tion has reached room temperature (forty-five minutes suffices). Do not 
agitate for at  least five minutes a t  the start Afterward swirl around 
~ccasionally. Pour most of the mother liquor and precipitate through a 
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9-cm. fluted ashless filter paper. Use the filtrate to wash out the flask 
and pour this and any remaining precipitate through a 3-cm. fluted ashless 
filter Do not wash unless non-volatile materials are present. In this 
case wash with a buffer solution made up as above saturated with hydrogen 
sulfide aud cobalt sulfide. Dry the filters in the larger funnel a t  100°, 
fold and transfer over white glazed paper to a small porcelain crucible. 
Liu~li oi'C filter paper by ilealing strongly on a quartz plate. Transfer to 
a weighed porcelain boat, wiping out crucible and funnel with a shred of 
filter paper and place in furnace. Draw air slowly through the combustion 
tube and start the furnace. Roast for one-half hour after the tube glows 
dull red. Remove tube from furnace, without cooling the latter and allow 
to cool for three minutes. Pass hydrogen through slowly for several min- 
utes and replace in furnace. Heat to 1000° for fifteen minutes and remove 
from furnace, the hydrogen being allowed to flow until the tube is quite 
cold. Weigh boat and metallic cobalt. 

Summary 

1. A precise method has been developed for the precipitation of cobalt 
as sulfide and its subsequent determination as the metal. 

2. The precipitation of cobalt sulfide as a function of the acidity has 
been studied. 

COLLEGE PARK, MARYLAND 

THE QUANTITATIVE PRECIPITATION OF SULFIDES IN 
BUFFERED SOLUTIONS. 11. NICKEL SULFIDE1 

The quantitative precipitation of metallic sulfides as a function of the 
acidity of the solution has been studied systematically only in the case of 
zinc sulfide2 and of cobalt ~ulfide.~ 

Introduction.-The latter research revealed that nickel sulfide pre- 
cipitates almost completely at  about the optimum PH for cobalt sulfide. 
I t  was found also that metallic nickel, produced by the reduction of the 
oxide with hydrogen, was so pyrophoric as to make it difficult or impossible 
to weigh it in that form. The purpose of this research was to investigate 
more fully these two points. 

Part of a thesis submitted by B. B. Westfall in partial fulfilment of the require- 
ments for the degree of Master of Science in the Graduate School of the University of 
Maryland. 

2 Fales and Ware, THIS JOURNAL, 41,487 (1919). 
3 Haring and Leatherman, zbid., 52, 5135 (1930). 
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Review of the Literature.-Fresenius4 discusses the precipitation of 
nickel sulfide by ammonium sulfide in solutions buffered with ammonia 
plus ammonium chloride or with ammonium acetate p111.s acetic acid. 
Gooch6 gives directions for precipitation with hydrogen sulfide in the pres- 
ence of an ammonium acetate-acetic acid buffer. Baubigny6 describes 
the estimation of nickel in nickel sulfate by the sulfide method; Cormim- 
boefl describes the precipitation of nickel sulfide in solutions "acidified 
sufficiently." He stresses the method of washing the precipitate. The 
nickel sulfide is finally roasted to the oxide. 

Apparatus, Materials and Method.-The theoretical aspects of this 
study are the same as those discussed in the first paper of this series on 
CoS.3 Likewise the apparatus, materials and general procedure remain for 
the most part unchanged. Platinum Gooch crucibles were used as con- 
tainers for the nickel sulfide and nickel oxide instead of the porcelain boats. 
Silica Gooches were also found satisfactory although more fragile. These 
crucibles were small enough to fit snugly into the end of the silica tube so 
that when air was drawn through it was obliged to go through the asbestos 
mat. A LaMotte color comparator block with brom cresol green color stand- 
ards was used in the determination of the final PH after precipitation. 

The asbestos used in the Gooch crucibles was a good grade of acid-washed material 
prepared for this purpose. It was chipped fine, reboiled with hydrochloric acid and 
washed until chlorine free. 

The source of the nickel was the complex ammine salt, Ni(NH3)4S01.6H20, chosen 
chiefly because a large quantity of pure material was available. This had been pre- 
pared as follows. A saturated solution of recrystallized nickel sulfate hexahydrate was 
made in the cold. It was acidified with sulfuric acid and iron nails added to replace 
any copper present. Ammonium hydroxide was then added until a small amount of 
nickel hydroxide precipitated, and it was then aerated for about one week to remove 
any iron present by double displacement. The solution stood for about two weeks, 
being agitated occasionally, after which it was filtered. Concentrated ammonium 
hydroxide was then added until all the nickel hydroxide dissolved, and this mixture 
was allowed to stand for three days. The solution was filtered and the nickel ammine 
precipitated with 95% alcohol, washed with ammonium hydroxide, a mixture of equal 
portions of ammonium hydroxide and alcohol, alcohol, and last with ether. 

A 5-g. sample, when neutralized with sulfuric acid, boiled with an excess of nitric 
acid and then boiled with an excess of ammonium hydroxide, gave no residue of ferric 
hydroxide on being filtered. A sample tested with Vogel's reagent (amyl alcohol and 
ether plus ammonium thiocyanate) gave no test for iron or cobalt. This is capable of 
detecting 0.01 mg. of cobalt per 10 cc. and the thiocyanate test for ferric iron is even more 
sensitive. 

This salt was analyzed electrolytically (Treadwell-Ha1l)g and found to contain 
22.67% of nickel. The theoretical composition gives 22.6651%. 

Fresenius, "Quantitative Analysis," (Am. ed.), Vol. I, Sec. IIIC, p. 307. 
Gooch, "Quantitative Analysis," p. 108. 

"aubigny, Compt. rend., 94, 1183 (1882). 
7 Cormimboef, Ann. chiwz. appl., 11, 6 (1906). 
8 Treadwell-Hall, "Quantitative Analysis," 1919, p. 147. 
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Description of Experiments 
The efficiency of the buffer was first investigated by adding different amounts of 

acetic acid to a given amount of the solution containing approximately 0.2 g, of nickel 
as Ni(NH3)4SOc6Hz0. Usually there was no zmmonium acetate added as there would 
be approximately the equivalent of 34 cc. of 0.4 N ammonium acetate formed by the 
reaction of the acid with the salt. Acetic acid was added in excess to give the desired 
P H,  and the PH taken, after dilution to constant volume (90 cc.), with the hydrogen 
electrode. The precipitation was carried out as described iater, and the P H taken on the 
filtrate with the indicator brom cresol green. The decrease in PH during precipitation 
at  PH 4.4 (the optimum value) was found to be 0.16 unit. 

About 0.89 g. of the nickel ammine was taken for the analysis. This contained 
0.2 g. of nickel, which previous experience had shown to be a sample of the most de- 
sirable size. The samples were weighed out on a watch glass and then rinsed into a 
300-cc. Erlenmeyer flask. Sufficient acid was added to neutralize the ammonia and to 
give the desired P H.  The contents of the flask were diluted to 65 cc. and the PH deter- 
mined electrometrically. The volume of the solution after rinsing the electrodes was 90 
CC. 

Precipitation was carried out as described by Haring and Leatherman3 except that 
the solution before precipitation was heated to 90°, not to boiling, and the walls of the 
flask were not washed down. Also, just before the end of precipitation, the temperature 
was raised to 60'. This modification proved helpful in reducing the annoying ad- 
sorption of the nickel sulfide on the glass. 

A portion of the filtrate was taken and the PH determined calorimetrically, using 
the comparison method. The hydrogen sulfide was boiled off the remainder and the 
solution tested for nickel with dimethylglyoxime.Q When 80 cc. of the hydrogen sulfide 
containing filtrate was taken, as was usually the case, and evaporated to 40 cc., there 
was nearly always a faint pink color developed momentarily, indicating that even a t  the 
most favorable PH there was not quite complete precipitation. The test with dimethyl- 
glyoxime would indicate the presence of one part in four hundred thousand, or 0.0001 g. 
of nickel in the filtrate, which checks with the determination as the sulfide. 

The amount of adsorption seems much more a function of the glass sur- 
face used, rather than anything else. If the glass is strained, local adsorp- 
tion takes place on the strained area, whereas it may not on the rest of the 
surface. Of eight flasks used, two were found which gave almost no ad- 
sorption under any PH values used, while others gave, particularly a t  the 
upper limit, adsorption so marked that nothing short of aqua regia would 
remove the sulfide from the walls of the container. 

An entirely new technique was developed for the operations of filtration 
and roasting. These were both carried out in a platinum Gooch crucible. 
The mat was prepared in the usual manner, but the drying was carried out 
a t  1000°. At this temperature it was found necessary to repeat the opera- 
tion of washing and drying three times in order to reach constant weight. 
During filtration it was found essential to keep the Gooch full of liquid a t  
all times. Washing was unnecessary since no non-volatile materials were 
present. It was found impossible to destroy completely the pyrophoric 
character of reduced nickel, even at  1000°. For this reason the nickel was 

Brunck, 2. angew. Chew., 20,834,3844 (1907), 
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Taken, 
6. 

0.2011 
,2011 
,2013 
.2012 
,2011 
,2013 
,2011 
,2011 
.2012 
,2009 
.2013 
.2011 
.2012 
.2011 
.2007 
.2007 
.2013 
.2013 
.2013 
.2018 
.2014 

TABLE I 

RESULTS OF EXPERIMENTS 
Found, Initial Acid added 

6. PH (6.8 N ) ,  cc. 

0.2013 6.81 0.06 
.2013 6.80 .06 
,2012 6.59 .20 
.2011 6.59 .20 
.ZOO9 6.19 .30 
.2014 6.18 .30 
.2010 5.79 .34 
.2010 5.79 .34 
,2011 5.41 .42 
.2008 5.41 .42 
,2012 4.78 1.40 
.2012 4.78 1.40 
.2010 4.51 2.20 
.2008 4.47 2.20 
.2005 4.34 3.00 
.2004 4.41 3.00 
.2009 4.08 4.45 
.2005 3.95 5.20 
.ZOO7 3.86 6 .5  
.2002 3.44 30.2 
.I915 3.30 36.5 

Final 
P a  

4.90 
4.90 
4.80 
4.80 
4.75 
4.75 
4.70 
4.70 
4.70 
4.70 
4.45 
4.45 
4.35 
4.30 
4.20 
4.20 
4.05 
3.90 
3.75 
3.40 
3.30 

Error i t 1  

parts/1000 

+l 
4-1 
-0.5 
- .5 
- 1 
+0.5 
- .5 
- .5  
- 5 
- .  
- . a  
+ . 5  
- 1 
- 1.5 
- 1 
-1.5 
- 2 
- 4 
-3 
- 8 
-49.5 

weighed as nickel oxide, roasting being carried out at  1000' so as to insure 
decomposition of any nickel sulfate. The results of this study are displayed 
in Table I and Fig. 1. 

Initial PH. 
Fig. 1.-Relation between completeness of precipitation and 

initial acidity. 
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As will be evident, even at  PH 7 there is no diminution in precision. 
The curve reveals that the optimum PH for nickel sulfide precipitation, i. e., 
the lowest PH consistent with complete precipitation and reasonable time 
for the same, is 4.4. 

Summary of the Method 

A definite quantity of the material is weighed so as * s ~  give approximately 
0.2000 g. of nickel. This is dissolved in 10-15 cc. of water, the PH is ad- 
justed to 4.4 (the desired value) by adding 34 cc. of 0.4 N ammonium ace- 
tate and 2.8 cc. of 6.8 N acetic acid. The solution is then made up to a 
volume of approximately 90 cc. This is heated in the Erlenmeyer flask to 
about 90' (not to boiling). It is then connected with a source of hydrogen 
sulfide and the air expelled by the gas. After about five minutes the flask is 
rotated vigorously to aid precipitation by stirring. After precipitation the 
temperature is raised to  60° by heating on a water-bath. During this time 
it is connected to the generator. Precipitation is complete in slightly 
less than an hour. The solution is filtered from the precipitate by suction, 
using a Gooch crucible. I t  is very necessary that the crucible be kept full 
of liquid until this is complete, i. e., until all the liquid and precipitate have 
been added. The crucible is then placed in the cold furnace and heated 
to 1000°, while a good current of air is drawn through, after which the 
crucible is cooled and weighed. 

To test the method a sample of recrystallized nickel sulfate hexahydrate 
was analyzed for nickel content and the following results obtained. 

RESULTS OF ANALYSES 

Taken, Found, Initial Final Acid Error in 
g. g. PH Pa added, cc. parts/1000 

0.1977 0.1976 4.61 4 . 3  2.8 - 0.6  
.I975 .I975 4.53 4 .3  2.8 * .O 

Summary 

1. A precise method has been developed for the precipitation of nickel . 

as sulfide and its subsequent determination as the oxide. 
2. The precipitation of nickel sulfide has been studied as a function 

of P H .  
3. Adsorption of metallic sulfides on glass surfaces appears to vary 

markedly with the state of strain of the glass. 
COLLEGE PARK, MARYLAND 
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THERMOLUMINESCENCE IN GLASSES WHICH CONTAIN TWO 
ACTIVATORS 

Introduction 

I t  is generally accepted that the property of luminescence may be con- 
ferred upon a solid substance by' the addition of certain materials which are 
termed activators. The variation of luminescence with the concentration 
of a single activator has been studied by many w0rkers.l Mathematical 
developments of the relation between the intensity of fluorescence and the 
concentration of an activator in solid solutions have been made by Briining- 
haus2 and Mer~-itt.~ The luminescence produced by two activators in a 
solid material, each acting in the presence of the other, is the subject with 
which this paper is concerned. 

Method of Making Samples and Determination of Thermolumines- 
cence.-The material chosen as the solid solvent was a zinc borate glass. 
I n  previous experiments4 it  had been found that a similar material could 
be reproduced exactly, and that activators could be uniformly dispersed 
within this medium. Manganese and cerium were selected as the acti- 
vators because the glasses which contain them are only slightly colored, 
within the range of concentrations to be studied. The individual glasses 
were prepared as follows. To 16.5 g. of glass mixture were added the com- 
puted quantities of c. P. manganous carbonate and cerous oxalate. The 
glass mixture contained c. P. boric acid and zinc oxide in the ratio of six 
parts by weight of the former to five of the latter. These had been thor- 
oughly mixed in a quartz pebble tube mill. The mixture for the given 
sample, containing the manganese and cerium salts, was placed in a covered 
platinum crucible and heated in a gas muffle until the molten material was 
entirely clear and free from bubbles. The glass was then poured into a 
graphite mold previously heated to 400°. The glass cast and its mold were 
immediately placed within an electric furnace a t  400' after which the glass 
was allowed to cool to room temperature within the furnace. The glass 
was then ground and polished on the two faces until the thickness was ap- 

Kowalsky and Garnier, Compt. rend., 145, 391 (1907); Urbain, ibid.,  147, 1472 
(1908); Briininghaus, ibid.,  149, 1375 (1909); F. Perrin, ibid., 178, 1978 (1924); Engle 
and Hopkins, J. Optical Soc. Am. 11, 599 (1925); Wawilow, 2. Phys ik ,  31,750 (1925); 
Nichols and Slattery, J. Optical Soc. Am., 12, 449 (1926); Nyswander and Cohn, ibid.,  
20, 131 (1930). 

Briininghaus, Compt. rend., 149, 1375 (1909). 
Merritt, J. Optical Soc. Am., 12, 613 (1926). 
Nyswander and Cohn, ibid., 20, 131 (1930). 



Dec., 1930 THERMOLUMINESCENCE IN GLASSES 6147 

proximately 2.7 mm. and the small plate was cut into squares 6 mm. on a 
side. 

The thermoluminescence of the glasses was next determined. Before 
each determination the samples were heated to 300' and allowed to cool to 
room temperature within an electric furnace to drive off any luminescence. 
The samples were exposed to a quartz mercury arc to excite the thermo- 
luminescence. The gla.;ses were exposed for ten xinutes a t  2 distaace of 30 
cm. from a "Lab-Arc," the latter being operated on alternating current a t  
sixty cycle frequency and with a current of 1.50 amperes. The glasses 
were removed to a dark room and allowed to remain for eight hours before 
measurement. This precaution was taken to remove the error due to the 
decay of luminescence within the glass, which is quite rapid immediately 
after excitation. The intensity of thernioluniinescence a t  100° was meas- 
ured by a polarization photometer with a radioactive source as the standard 
of intensity of the type described by Nyswander and Lind.6 The method 
of measurement is described by Nyswander and Cohn." 

Manganese, %. 
Fig. 1.-Diagram of the surface which represents the in- 

tensities of thermoluminescence of zinc borate glasses which 
contain both manganese and cerium, when a mercury arc is 
the source of excitation. 

Results of Luminescence Measurements.-The intensities of thermo- 
luminescence of a large number of samples which contain both manganese 
and cerium were obtained. As the intensity of the luminescence depends 
both upon the concentration of the cerium and that of the manganese, the 
intensities of luminescence when graphed form a surface. The form of sur- 
face in this case is suggested by Fig. 1. In this projection diagram the ob- 
served intensities are plotted as ordinates above the plane of concentrations. 
Curve A to  A' represents the intensity of thermoluminescence in samples 
which contain 0% of cerium and varying quantities of manganese from 0 
to 1%. In a like manner Curve B to B' gives the intensity in samples which 

6 Nyswander and Lind, J. Optical Soc. Am., 13, 651 (1926). 
Nyswander and Cohn, ibid., 20, 131 (1930). 
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contain 0.05% cerium and varying amounts of manganese and similarly for 
the remaining curves. A better representation of the actual shape of the 

surface which gives the luminescence is 
obtained from the photograph of a model, 
as shown in Fig. 2. In this photograph 
the interval between two adjacent black 
Iines represents 0.2% change in the con- 
centration. The zero coordinate is at  
the corner of the base hidden from view. 
It will be noted that the glass itself, 
though made from C. P. materials, is 
slightly thermoluminescent. 

Figure 3 shows the change in the in- 
tensity of the thermoluminescence of the 
glasses with the concentration of cerium 

Fig. 2.-Photograph of a model of the when the concentration of the manga- 
surface indicated by Fig. 1. nese is held constant. The curves repre- 

sent the amounts of manganese as fol- 
lows: A, 0; B, 0.02; C, 0.05; Dl 0.1; E, 0.2; F, 0.5, and G, l.Oyo cerium. 

Figure 4 is similar to Fig. 3 except that in this set of curves the concentra- 
tions of cerium are constant for each curve. Curve A represents the 
change of the intensity of 
thermoluminescence with the 20 

concentration of manganese 
when Oyo of cerium is present. 
The amounts of manganese 16 
are: Curve B, 0.05; C, 0.1; 

s; D, 0.2; E, 0.5, and F, 1.0%. .$ l2 
In Fig. 5 the intensity of 3 

the rmoluminescence  f o r  3 
glasses, each of which contains 8 

0.02% manganese, is plotted 
as the ordinate and the cerium 4 

concentration of the individ- 
ual glasses as the abscissa. 
This curve is typical of the 0.2 0.4 0.6 0.8 1.0 
curves for glasses which con- Cerium, yo. 
tain both manganese and cer- Fig. 3.-The intensity of thermoluminescence 

of zinc borate glasses which contain both cerium 
ium' It has been separated and manganese. The concentration of manganese 
from the remaining curves of is constant for each cume. 
Fig. 3 for the purpose of indi- 
cating the damping action of the second activator, cerium, upon the 
manganese. If there were no such effect the intensity of the luminescence 
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would approach the dotted line of the figure since the percentage of man- 
ganese remains constant; instead it falls below as indicated. The damping 
seems to be the same phenomenon observed qualitatively in the fluorescence 
of solids by Nichols and Howes7 

and discussed by them under the 
heading of the dominance and 20 

suppression of activators, 
The effect of the cerium upon 16 

the luminescence of the manga- 
nese may be discussed from an- .$ 12 
other viewpoint. A quantity, g 

Y 

which will be termed the damp- 4 
ing coefficient, will be defined 8 

as the ratio of the decrease in 
the intensity of thermolumines- 4 

cence to  the initial luminescence, 
when the decrease is caused by 
the addition of a fixed amount 0.2 0.4 0.6 0.8 1.0 
of the second activator. That is Manganese, %. 

Fig. 4.-The intensity of thermoluminescence 
Damping coefficient = I1 - - Iz of zinc borate glasses which contain both cerium 

11 and manganese. The concentration of cerium is 
where 11 is the intensity of consbnt for each curve. 
thermoluminescence in a sample 
which contains manganese a t  a concentration A; I% is the intensity of 
thermoluminescence in a sample which contains manganese a t  a concen- 
tration A and cerium of concentration B. When such values are computed 

from the data and the damping 

12 coefficient is plotted as ordinate 
against the concentration of 
manganese (A)  as abscissa, Fig. 

.$ 8 6 is obtained. In  this figure 
Y a Curve A represents the damping 
" 4 coefficient for 1.0; B, 0.5; C, 0.2; 

I I i i i i  I 1  D, 0.1; and E, 0.05y0. When 
the damping coefficient is nega- 

0.2 0.4 0.6 0.8 1.0 tive the cerium acts to increase 
Cerium, %. the luminescence and therefore 

Fig. 5.-The intensity of thermoluminescence is an activator. ~t would ap- 
of zinc borate glasses which contain 0.02% of 
manganese together with cerium. pear from this figure that the 

same concentration of cerium 
may act either to damp the luminescence or to increase it. The effect of 
the cerium depends upon the concentration of the manganese. For ex- 

7 Nichols and Howes, J. Ofitical SOC. Am.. 13, 573 (1926). 
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ample, from Curve C it is seen that 0.2% of cerium decreases the lumines- 
cence in all glasses which contain less than approximately 0.4y0 manganese, 
but acts as an activator in glasses which contain more than 0.4% of man- 
ganese. If the accuracy of the data permit the extrapolation, it would 
seem that the addition of 1% cerium, which decreases the luminescence 
of a 0.02% manganese glass to less than one-fifth its initial value, would 
slightly increase the luminescence in a sample which contains 2% manganese. 

The Emission Spectrum 
of Therrno1uminescence.- 
So far in this paper only the 

0.80 relative intensities of the 
thermoluminescent light have 

0.60 been discussed. Due to the 
low intensity of the emitted 

J 
8 light it has not been found 
.- 0.40 

4 possible to obtain accurate 

$ spectrometric data on the 
g 0.20 thermoluminescence. How- .* a ever, by the use of a trans- 
!3 
Q 0 mission grating, with a glow- 

ing square of zinc borate glass 
which contained manganese 

-0.20 and acted as its own slit, the 
therrnoluminescence emission 

-0.40 was found to be a band which 
extends through the red, yel- 

0.2 0.4 0.6 0.8 1.0 low and green portions of the 
Manganese, %. visible spectrum. The infra- 

Fig. 6.-The damping coeficient as a function of red spectrum was not ex- 
the concentration of manganese in zinc borate 
glasses. The concentration of cerium is constant amined. 

for each curve. As the process of thermo- 
luminescence in glasses when 

excited by light may be divided into the three steps: (a) the absorption 
of light energy, (b) the storage of the absorbed energy and (c) the emis- 
sion of the stored energy, it was decided to study the absorption spectra 
of thermoluminescent glasses to secure more information concerning the 
process. 

Absorption Spectra of Glasses which Exhibit Thermo1uminescence.- 
Absorption spectra of the glasses were obtained by the use of a quartz 
Hilger spectrophotometer with a sector disk. The source of continuous 
ultraviolet light was a high frequency spark under water. The light source 
was constructed from the design given by S n ~ d e r . ~  From the settings on 

8 Snyder, THIS JOURNAL, 49, 2510 (1927). 
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the sector disk the values of the absorption coefficient K could be computed 
from the equation 

In this work lo is the intensity through the glass without any solute, I the 
transmitted intensity through glass which contains a grams of solute per 100 
g. of glass and d is the thicknesq of the sample in centimeters. From the 
match point, equal density position on the spectrogram, the wave length 
which corresponds to K could be determined. 

2400 2600 2800 3000 3200 
Wave length in Angstr6ms. 

Fig. 7.-The values of the absorption coefficient K as dependent 
upon wave length: for zinc borate glasses which contain: Curve 
A, manganese; B, thorium; C, cerium. 

When the values of K are plotted against the corresponding wave lengths, 
curves of the type shown in Fig. 7 are obtained. In this figure Curve A 
represents values of K obtained from a zinc borate glass which contains 
0.5% manganese; B, 0.4% thorium; C, 0.5% cerium. High values of 
K indicate a high absorption for a given thickness and concentration. If it 
be assumed that these values relate to the spectral region from which the 
energy of themoluminescence is absorbed, some interesting facts are indi- 
cated by the curves of Fig. 7. In the first place, absorption by these ma- 
terials in glasses seems to give an absorption band only one end of which can 
be observed for the zinc borate glass, although a thickness of 0.27 cm. of 
this glass without any solute transmits well to 2500 A., with a transmis- 
sion limit close to 2400 A. Secondly, it may be noted that for the same 
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solvent, different light sources would show a different relative intensity of 
thermoluminescence for various solutes. For example, with sunlight as 
the source of energy, glasses which contain cerium may be expected to show 
a much higher intensity, relative to those which contain manganese, than 
when a quartz mercury arc is used as the source of excitation. 

In  the preceding paragraph the curves of Fig. 7 have been interpreted on 
the basis of the assumption that the values for K relate to the general spec- 
tral region which furnishes the energy of thermoluminescence. That this 

assumption has some justi- 
fication is indicated by the 
following data. When zinc 
borate glass which contains 
0.44% cerium was exposed to 
a carbon arc it was found that 
if the intensity of the emitted 
light from a square exposed 
directly to the source is con- 
sidered to be 100, the thermo- 
luminescent intensity from a 
square exposed beneath a 
2.6-mm. thickness of the same 
glass is 3. From these values 
it follows that Io/I for the 
exciting light which causes 
thermoluminescence is 33.3 
and K is 3065. For this value 
of K in cerium glass, Curve C 

0.4 0.8 1.2 1.6 2.0 indicates that the mean wave 

Manganese, %. length of the excitation light 

Fig. 8.-Curves B. C and D show wave lengths is 3185 A' When the plate 
for which log 1011 is equal to 0.2. Curve A repre- which gives the absorption 
sents the transmission limit for the glasses shown in for glass which contains 0.5% 
curves B, C and D. Curve B represents glasses cerium is examined it is found 
which contain zero; C. 0.02%; D, 0.05 %of cerium. that the absorption limit as 

recorded by the photographic plate varies from 3200 A. for a ten-second 
exposure to 3140 A. for a 250-second exposure. The value of 3185 A. lies 
within this range and seems to give some justification to the provisional 
assumption that the absorption boundary for which K has been calculated 
is the region in which the absorbed light furnishes the energy from which 
the energy of thermoluminescence is derived. I t  is hoped that this assump- 
tion can be tested with monochromatic light, but it is difficult to obtain 
a sufficiently high intensity. 

The wave lengths for which the value of log Io/I is equal to 0.2 are shown 
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in Curve B of Fig. 8 for zinc borate glasses which contain varying concen- 
trations of manganese and no cerium. These are the wave lengths for 
which the transmission is approximately 63% of that which the glasses 
would have were no manganese present. If 0.02% cerium is present in 
addition to the manganese, the match points are definite but extend over 
the range indicated by the area of Curves C. With 0.05% cerium the man- 
garrese lias little effect on the 
position of the wave lengths 
for which the ratio log I& 
equals 0.2, as is exhibited by 2800 

Curve D. With a sixteen- 
second exposure for all of the 2900 
glasses, shown in Curves B, C 
and D, the short wave length :O 

2 3000 limit of transmission obtained 
from the end of the spectrum 4 

&a 
on the photographic plate ': 3100 

corresponds closely to the 3 
dotted line of Curve A. This 3200 
indicates that the ahorption 2 
limit of these glasses is de- 3 
termined by the manganese, 3300 

but that the cerium deter- 
mines the absorption unless 3400 
the absorption is small. The 
form of Curve B and of Curve I I 1 I I U J  

A, which represents the ab- 0.4 0.8 1.2 1.6 2.0 

sorption limit, is unexpected. Cerium, %. 
It is of particular interest Fig. 9.-Curves which give wave lengths for which 

log Io/I is equal to 0.2; Curve A represents values since thermoluminescence is with ,,; B, 0.02 % of manganese. 
most marked in zinc borate 
glasses with slight concentrations of manganese and in the region affected 
by the anomalous absorption. Curve A of Fig. 9 gives the wave lengths 
for which the value of log IO/I is equal to 0.2 for zinc borate glasses which 
contain varying concentrations of cerium and no manganese. If 0.02y0 
of manganese is present in addition to the cerium, Curve B is obtained. 
These curves do not exhibit the anomalous behavior of the curves which 
represent glasses which contain manganese. 

Summary 

1. The thermoluminescence of glasses which contain two activators has 
been measured. 

2. The effects of oDe activator upon the second are not additive. For 
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example, the thermoluminescence of a zinc borate glass which contains a 
small amount of manganese is increased by small amounts of cerium, but 
decreased by larger amounts. A definite amount of cerium may either 
increase or decrease the thermoluminescence, since the effect is dependent 
upon the amount of manganese present. 

3. The emission spectrum for zinc borate glass which contains man- 
ganese has been found to be a band. 

4. Single ended absorption bands have been found in the ultraviolet 
spectra with zinc borate glasses which contain manganese, cerium or tho- 
rium as the solute. 

5. Intensity measurements of the thermoluminescence have been used 
to  indicate that i t  is probably from near the edge of these bands that the 
energy for thermoluminescence is drawn. 

6 .  From the positions of the absorption bands the conclusion is drawn 
that  the relative thermoluminescent intensities of two materials in the 
same solvent changes with a change of the source of excitation. 

7. Absorption curves which show the effect of cerium upon glasses 
which contain manganese and vice versa have been obtained. 

8. An anomalous absorption has been found for zinc borate glasses 
which contain manganese. 

DENVER, COLORADO 

[CONTRIBUTION FROM THE JOHN HARRISON LABORATORY, UNIVERSITY OF 

PENNSYLVANIA] 

STUDIES ON HETEROPOLY ACIDS OF GERMANIUM. I. 
GERMANOMOLYBDIC ACID1 

In  the list of elements known to form heteropoly acids with molybdenum, 
tungsten and vanadium, one notices the absence of three members of the 
fourth periodic group. These elements, carbon, germanium and hafnium 
are missing from an otherwise complete series of the type Hs[X(Moz07)6] 
aq. where X may be silicon12 titanium13 zi rc~nium,~ thorium14 tin6 and 
lead.6 Possibly this may be supplemented by hafnium, which, i t  is con- 
ceivable, was present in the preparations of zirconomolybdates, since this 
element was not recognized a t  the time of the investigations and has since 

An extract from a thesis presented in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy, University of Pennsylvania. 

A pure acid has been obtained by Scroggie, THIS JOURNAL, 51 , 1057 (1929). 
3 Pechard, Comfit. rend., 117, 781 (1893). 
4 Barbieri, Atti. accad. Lincei, 221,5,781 (1913). 
5 Rosenheim, Pieck and Pinsker, Z. anorg. Chem., 96, 139 (1916). 
6 Ephraim, "Inorganic Chemistry," English ed., 1926. 
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been proved to be present in specimens of supposedly pure zirconium 
compounds to the extent of as much as 5%. Other elements exhibiting 
tetravalency such as manganese,? platinum6 and ceriums may also be in- 
cluded here. The elements grouped about germanium in the periodic 
system, especially boron, phosphorus and arsenic, are known to  play the 
role of central atom in similar compounds, e. g., the familiar ammonium 
phosphomo!ybdate, (NH~)~H*[P(Mo~C?~)B] aq. 

The similarities in chemical behavior of germanium to arsenic and sili- 
con were largely responsible for the present endeavor to prepare a hetero- 
poly acid which would be the germanium analog of silico-duodecimo- 
molybdic acid, Hs[Si(Mo207)6]-28H20. That germanium would enter 
into such "poly acid" formation was a logical conclusion and is supported 
by the results of this paper. A knowledge of "complexesJ' is important 
from an analytical standpoint, since the identity of the constituents of 
certain compounds and mixtures may be so masked that the elements es- 
cape detection in the usual procedures and the analyst is confronted with 
unusual reactions. It is through a study of the formation and properties 
of these compounds that the unexpected behavior of certain elements 
in the presence of molybdic, tungstic and vanadic a'cids is to be anticipated 
and means taken to insure their detection. 

Experimental 
Materials.-The germanium dioxide was prepared from zinc residues which were 

kindly furnished by Professor J. H. Muller. I t  was of the highest purity and entirely free 
from arsenic. The molybdenum trioxide was Baker's "Special," free from arsenic and 
phosphorus. Lead, calcium, magnesium and ammonium salts, sodium hydroxide, 
hydrobromic acid and sulfuric acid (special arsenic free) were Baker chemicals. Re- 
agent quality ether was distilled over sodium. Guanidine carbonate was obtained 
from the Eastman Kodak Co. Laboratory distilled water was redistilled for preparation 
work. Ammonium hydroxide was redistilled in pyrex vessels and used immediately. 

Preparation of the Free Acid.-Five grams of germanic oxide was dissolved in 200 
ml. of water containing 7 g. of sodium hydroxide and the solution brought to boiling, 
whereupon 70 g. of molybdic oxide was slowly added with stirring. Rapid solution of 
the molybdic oxide took place until about half the amount had been added. Almost 
complete precipitation occurred a t  this point, followed by re-solution with continued 
addition of the molybdic oxide. An intense yellow color developed after this mid- 
point of reaction. Gentle boiling was continued for five minutes, the solution filtered 
and allowed to cool. The method of extraction was that of Drech~el;~ several hundred 
ml. of ether was added, followed by an excess of cold 9 N sulfuric acid. An intermediate 
turbidity disappeared when sufficient acid had been added. Heavy yellow oily drops 
separated and settled, forming the third layer common to such extractions. This lower 
layer-an ether solution of the "complex acid"-was removed and evaporated a t  40 ". 
After powdering, the residue was dissolved in a small volume of water and the extraction 
with ether and sulfuric acid repeated. The ether was removed as before, the residue 

Phchard, Comfit. vend., 125, 29 (1897). 
8 Barbieri, Atti accad. Lincei, 23i, 5, 805 (1914). 

Drechsel, Ber., 20, 1452 (1887). 
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dissolved in water, the solution filtered and then allowed to crystallize a t  room tempera- 
ture (18-28"). The major portion of mother liquor was removed by filtration and the 
crystals dried as rapidly as possible by pressing between filter paper, after which they 
were kept in tightly stoppered weighing bottles or weighed out a t  once for analysis. 
I n  spite of the high solubiIity, the solutions crystallized well. Three separate batches 
of the acid were prepared. 

Preparation of the Guanidine Salt.-To an aqueous solution of the acid was added 
a concentrated solution of guanidine carbonate, the mixture warmed and filtered. The 
residue was boiled with water until solution was nearly complete, then filtered and cooled. 
The shining greenish-yellow crystals were removed and dried at  105'. On standing 
for several days the filtrate deposited white crusts containing germanium and molyb- 
denum. 

Properties.-The free acid crystallizes in yellow transparent octahedra, readily 
efflorescing. The melting point is approximately 65". Induration, with loss of color 
and transparency, invariably resulted from attempts to preserve crystals imperfectly 
freed of mother liquor. Such changes took place in a few days and the substance pro- 
duced, in sharp contrast to the parent compound, was but sparingly soluble in water. 
Well-dried specimens on the other hand have been kept ten weeks, suffering no apparent 
deterioration and differing from fresh samples only in a slightly lower water content 
Analogous to the behavior of the corresponding silicon compound, pale,yellow, dif- 
ficultly soluble compounds are obtained with silver, thallous, mercurous, cesium, 
rubidium and guanidine sstlts and with alkaloids. 

Analysis.-Calibrated weights were used and all gravimetric determinations were 
brought to constant weight (*0.05 mg.). 

A. Water.Samples were dried in an oven at  105' for "water of hydration." 
Total loss on ignition was determined by heating a t  400° in a resistance furnace. The 
residues were yellow when hot and pale blue when cold. 

B. Germanium and Molybdenum.-A number of separations were tried but only 
one yielded duplicable results. The procedure finally adopted was a distillation from 
9 N hydrobromic acid. The free acid or ignition residue was placed in a 200-ml. 
round-bottomed flask, to which was attached by a ground joint a 25-cm. neck with side 
arm. A meter length of glass tubing dipping under water in an Erlenmeyer flask served 
as a condenser and receiver for the germanium tetrabromide; 25 ml. of hydrobromic 
acid (sp. gr. 1.30) containing a small amount of bromine was added to the Bask and the 
mixture slowly distilled. If less than two hours were consumed in this operation, a little 
molybdenum usually appeared in the distillate as evidenced by the brown color of the 
sulfide. The distillation was continued until the volume of the solution remaining in 
the flask was about 3 ml.; an additional 25 ml. of hydrobromic acid was introduced 
and the distillation repeated. The distillate was made 6 N in acid by adding concen- 
trated sulfuric acid and the germanium precipitated as sulfide by saturating the hydro- 
gen sulfide. The germanium sulfide was filtered on a Konig crucible and, after washing 
with 6 N sulfuric acid saturated with hydrogen sulfide, was converted to oxide by nitric 
acid in the usual manner. The brown solution remaining in the distilling bulb was 
washed into a small sillimanite crucible, ten drops of concentrated sulfuric acid added 
and this mixture evaporated to dryness in an air-bath. The residue was gently ignited 
to expel sulfur trioxide and weighed as molybdic oxide. 

C. The guanidine salt was analyzed for nitrogen by the Dumas method. 

Discussion 

Three physical constants of the compound under investigation suggested 
a formula similar to silicomolyhdic acid, H8[Si(Mo207)fi] aq. They are: 
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(1) the isomorphism of the free acids; (2) the yellow color, which is 
usually associated with "poly acids" containing Mo~OI groups; (3) the 
melting point, which is coinparable with the values for the silico acid, 
4 5 O ,  and the titano acid, 60". 

The theoretical composition ~f Hs[Ge(MozO,)a] aq., according as the 
amount of "aq." is 24, 25, 26 and 28 moles, respectively, is given in Table I. 

TABLE I 
THEORETICAL COMPOSITIONS 

24 aq. 25 aq. 26 aq. 28 aq. 

Ignition loss 21.58 22.18 22.77 23.92 
GeOz 4.48 4 44 4.41 4 34 
MoOa 73.94 73.38 72.82 71 74 

100.00 100 00 1OO.OU 100.00 

"aq." 18.48 19.02 19.72 21.58 
Molecular weight 2336.6 2354 6 2372 6 2408 6 

The tendency of the crystals to effloresce made it difficult to obtain 
samples of exactly the same composition, although the deviation and 
variance of results is not great, as is evident from the analyses. 

TABLE I1 

"AQ." AND IGNITION LOSSES 

N 0. Sampie, g. Loss at lilb", % Ignmon loss, yo 

1 0.46224 19.26 22.41 
2 .37547 19.10 22.65 
3 ,20490 22.20 
4 .I7245 22.31 
5 ,17857 22.19 
6 ,59183 22.47 
7 45747 22.62 
8 ,57261 22.32 
9 ,38234 21.77 

10 ,30670 18.70 21.88 
11 ,31427 22.15 
12 ,25630 22 08 
13 ,18382 22.08 
14 ,11287 21.18 
15 .I4546 21.22 
16 ,13040 21.20 

Samples 1-5 from Preparation A; samples 6-10 from Preparation B;  samples 11)-16 
from Preparation C ;  samples 14, 15, 16 were kept for ten weeks before analysis. 

It will be seen that the ignition losses predicate an "aq." content of 24- 
26 moles and that the values for loss at  105' are in proportionate agree- 
ment. The molecular formula for silicomolybdic acid is accepted as 
Hs[Si(MozO?)a].28H20 but the analysis of the germanium compound failed 
to reveal a water content of the same magnitude. Five of the above samples 
were analyzed by the hydrobromic method and gave the following values. 
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ANALYSIS O P  THE FREE ACIDS 

No. 2 6 12 

Wt. of sample, g. 0.37547 0.59183 0.25630 
Moo3 found, g. .27177 .43085 .I8761 
Moos, % 72.38 72.80 73.20 
GeOz found, g. 0.01633 0.02604 0.01164 
GeOz, % 4.35 4.40 4.54 
Ignition loss, g. 22.65 22.47 22.08 
Total 99.38 99.67 99.82 
Ratio GeOz : Moo3 1:12.07 1:12.01 1:11.72 
Ratio GeOz Moo3 : Hz0 1:30.10 1:29.68 1:28.92 

Since vapor pressure measurements were not made, the existence of 
lower hydrates is not postulated. By efflorescence, however, i t  is con- 
ceivable that samples could have compositions agreeing with those selected 
in Table I. 

Because of the simplicity of procedure we may use the ignition loss as 
a standard in the critical examination of results. Comparing, for example, 
Analyses 2 and 6, we see that lower ignition loss in No. 6 is compensated 
for by a higher metallic oxide content and, by reference to Table I, that 
the values for ignition loss, Moos and GeOz, agree proportionately within 
the limits of experimental error. 

North and Beallo made use of a titration with sodium hydroxide as a 
means of analysis for silicomolybdic acid. Scroggie2 repeated the work, 
using chlor phenol red as indicator. The complete decomposition of the 
germanium compound by alkalies may be expressed by the equation 

Ge0~-12Mo03 aq. + 24 NaOH = GeO2 aq. f 12 NazMoOa f aq. 

if the germanic acid is not attacked under the conditions of the experi- 
ment. A sample, No. 13, after ignition was titrated with 0.2920 N sodium 
hydroxide and chlor phenol red. The water content, 22.08%, corre- 
sponds closely with that of Hs[Ge(Mo20,)~,].25H20, with a molecular 
weight of 2355. On this basis the titration required 23.93 moles of sodium 
hydroxide per mole of acid. Calculated from the weight of ignited oxides 
the value is 23.95. Another sample, No. 17, wt. 0.15717 g., was weighed 
out a t  the same time as samples No. 6 and No. 7, the water content of 
which gave a mean value of 22.54%, approximately equivalent to Hs- 
[Ge(M0z0~)~].26H~O. Assuming then a molecular weight of 2373, the 
titration showed a consumption of 23.80 moles of the base. 

That progressive decomposition with the intermediate formation of 
"unsaturated" compounds-those with lower  MOO^ content-took place 
was indicated by the fact that upon the addition of a drop of the base 
the basic color of the indicator persisted several minutes and then gradually 

10 North and Beal, J. Am. Phurm. Assn., 13,889 (1924). 
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faded. The titration was necessarily extended over a period of several 
hours before a permanent "end-pointJ' was reached. 

The analysis of the guanidine salt gave 7.97% nitrogeli. The theoreti- 
cal value for the tetrabasic salt, (CN3W5)4Hs [Ge(Mo20,)6] is 7.84%. 

The product resulting from the deterioration of the undried crystals 
was washed with hot water, air dried and analyzed. 

ANALYSIS OF WHITE INSOLUBLE COMPOUND 

Water at 105O, % 0.00 
Ignition loss, % 11.20 
Moos, % 86.50 

Lack of material prevented a further study. Disruption of the original 
molecule apparently took place and a portion of the germanium was re- 
moved in the washing operation. 

While the deviations from theoretical values are a t  times large, yet the 
results indicate the existence of a heteropoly acid of germanium and 
molybdenum with the formula Ge02.12M003-aq., which may be written, 
after the fashion of the Miolati system of constitution, as Hs[Ge(Moz- 
07)6]aq., a member of the series H,, - . [X,(MozO,)a]aq. The coefficient 
for the "q." has zr, apparer,t masimrt= of 26. The serio~sness of the 
deviations is somewhat mitigated if one considers that ammonium phos- 
phomolybdate, used since the time of Berzelius in analytical procedures, 
is, because of somewhat indefinite composition, still unsuited for gravimet- 
ric work. 

In  accordance with the present system of nomenclature the new com- 
pound may be called 12-germanomolybdic acid or germano-duodecimo- 
molybdic acid. 

The ease of formation of germanomolybdic acid and its salts makes 
the compound susceptible to qualitative and perhaps quantitative appli- 
cation for the detection and determination of germanium. T o  this pur- 
pose, germanium sulfide-the usual form in which the element is isolated- 
can be converted into the oxide and this boiled with a small volume of 
water and some molybdic oxide. The presence of the germanomolybdic 
acid thus produced may be confirmed by color or precipitation reactions. 
A yellow color is easily seen when 0.00183 g. of the free acid (correspond- 
ing to approximately 0.000082 g. of germanic oxide) is dissolved in 5 ml. 
of water. This may prove of particular value since no colorimetric de- 
termination of germanium has been reported. 

Summary 

1. The. preparation and properties of a heteropoly acid of germanium 
and molybdenum of the type I-Is[Ge(MozO,)s] aq. is outlined. 
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2. The use of the new acid and its salts for the colorimetric determina- 
tion of germanium is suggested. 

PHILADELPHIA, PENNSYLVANIA 

NITROGEN COMPOUNDS OF GERMANIUM. I. THE 
PREPARATION AND PROPERTIES OF GERMANIC NITRIDE 

BY WARREN C. JOHNSON 

RECEIVED OCTOBER 2, 1930 PUBLISHED DECEMBER 18. 1930 

According to the literature silicon1 combines directly with nitrogen, 
when heated at 1300 to 1450°, to form the normal nitride, SiaN4. A similar 
reaction takes place when this element is heated in an atmosphere of am- 
monia a t  high temperatures. Analogous reactions in the case of ger- 
manium, tin and lead are lacking. 

Carbonic anammonide, (C3N4)%, has been obtained2 as a highly poly- 
merized, orange powder by heating mercuric thiocyanate. Paulya has 
reported (C3N2)%, carbonous nitride or anammonide, as being obtained by 
the thermal decomposition of tetra-iodo-imidazole. This has since been 
shown4 in all probability to be a mixture of carbon and paracyanogen, 
(C2N2),. Bergstrom6 prepared stannous imide, SnNH, by reacting po- 
tassium arnmono stannite, SnNK, with a solution of ammonium bromide 
in liquid ammonia. The imide was deammonated by heating in a vacuum 
a t  340'. The reaction resulted in the formation of stannous anammonide 
or nitride, Sn3N2. This nitride is the only definite one known of the 
fourth outer group elements exhibiting a valence of two. Carbonic ni- 
tride and silicic nitride are the only representatives of these elements 
functioning with a valence of four. 

Recently Schwarz and Schenk6 studied the ammonolysis of germanium 
tetrachloride in liquid ammonia solution. Their results indicate that the 
hexammonate described by Thomas and Pugh7 may not exist in liquid am- 
monia. Schwarz and Schenk allowed germanium tetrachloride to am- 
monolyze, separated the ammonium chloride and found a definite com- 
bination in the imide, Ge(NH)2. At 150° the imide was found to lose 
ammonia with the formation of the germanam, GeZN3H. This latter 

Weiss and Engelhardt, Z. anorg. Chem., 65,78 (1910); Funk, ibid., 133,67 (1924). 
King and Chamberlain, "Theses," Stanford University, 1924, and 1930, respec- 

tively. 
a Pauly, Ber., 43,2243 (1910). 

Wenzel, "Dissertation," Stanford University, 1927. 
Bergstrom, J .  Phys. Chem., 32,433 (1928). 

6 Schwarz and Schenk, Ber., 63,296 (1930). 
7 Thomas and Pugh, J. Chem. Soc., 1051 (1926). 
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combination was found to be stable at  300° but at higher temperatures 
to decompose, with loss of ammonia, to the nitride, Ge3N4. Their evi- 
dence for the formation of the nitride is based entirely upon the changes 
in weight resulting from the decomposition of the germanam and of the 
imide; no analyses are reported to substantiate the existence of germanic 
nitride. In the case of the decomposition of the imide the ammonia 
liberated was determined. Since these changes in weight are very small, 
especially when minute quantities of the substances are used, it is m c u l t  
to state the purity of the nitride without analytical data on the germanium 
and nitrogen content. However, it is the belief of the writer that Schwarz 
and Schenk have prepared germanic nitride. 

Before the work of these investigators appeared, Kraus and E. G. John- 
sonS studied the ammonolysis of germanium tetrachloride. Their re- 
sults are in agreement with those of Schwarz and Schenk in the forma- 
tion of the imide and the germanam, and definitely substantiate the ex- 
istence of the nitride. 

The following described investigation confirms the results of the above- 
mentioned workers in that germanic nitride is prepared by the action of 
ammonia gas on metallic germanium a t  elevated temperatures. Some 
of the physical and chemical properties of the nitride are also determined. 

Experimental 
Source of Material.-The germanium was obtained as germanous sulfide from 

germanite ore according to the procedure described by Kraus and Johnson.9 The sul- 
fide was oxidized with nitric acid to germanic oxide, which was then reduced with hy- 
drogen a t  600' to the gray germanium powder. For purification, the metal was heated 
in a stream of chlorine gas a t  250' to form germanium tetrachloride, the chloride was 
hydrolyzed to the oxide, and finally the oxide was again reduced with hydrogen to ger- 
manium. This procedure gave germanium in a finely divided state and of fairly high 
purity.1° 

Anhydrous ammonia of commerce was siphoned from its container into a small steel 
cylinder containing several small pieces of sodium, which served to remove the water 
completely. During the course of a reaction the ammonia was allowed to escape from 
this cylinder as a gas. 

Preparation of Germanic Nitride 
(a) The Action of Ammonia on Germanium.-A weighed amount of the powdered 

germanium, obtained from the reduction of germanic oxide, was placed in a weighed 
alundum boat in a vitreosil tube. The tube extended horizontally through an electric 

Kraus and E. G. Johnson, Brown University, private communication. 
Kraus and Johnson, Paper given a t  the Swampscott Meeting of the American 

Chemical Society, September, 1928. 
lo I t  has been shown by Dennis, Tressler and Hance, THIS JOURNAL, 45, 2034-5 

(1923), that small amounts of germanium dioxide may be reduced quantitatively with 
hydrogen, but when several grams of the oxide are used, the reduction does not appear 
to be complete. This fact accounts for the low yields of germanic nitride obtained in the 
following described experiments. 
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furnace the temperature of which was measured with a thermocouple. A fairly rapid 
stream of ammonia gas was allowed to pass over the germanium at  different tempera- 
tures. A slow reaction was observed a t  650 "; a t  700' the formation of nitride appeared 
to be quite rapid, only three hours being required to convert 1 g. of germanium to the 
nitride. The samples of germanium were heated in an atmosphere of ammonia until no 
increase in weight of the boat was observed to indicate the continued formation of ni- 
tride. The nitride appeared as a light brown powder. 

The following data show the formation of germanic nitride. 

Ge, g. GesNn (obtained), g. Ge3N4 (calcd.), g. 

0.4603 0.5756 0.5787 
4.2852 5.3718 5.3878 

When ammonia was passed over germanium a t  temperatures in the neighborhood 
of 850" and above, no nitride was formed. Since, as was found in later experiments, the 
nitride is readily reduced with hydrogen a t  elevated temperatures, the absence of its 
formation a t  850 O is readily accounted for by the high concentration of hydrogen present 
in the gas mixture due to the dissociation of ammonia. 

(b) The Action of Ammonia on Germanic Oxide.-Ammonia was found to react 
slowly with germanic oxide a t  700' and much more rapidly a t  750°. The ammonia 
served to reduce the oxide to germanium, which in turn reacted with additional ammonia 
as described above. The probable course of the reaction is 

3GeOz + 4NHa = GesNa + 6H20 
The formation of the nitride in this reaction was indicated by the light brown color and 
the following changes in weight. 

GeOz, g. Ge3N4 (obtained), g. GesN4 (calcd.), g 

0.4808 0.4188 0.4195 
4.1299 3.6074 3.6039 

The Reduction of Germanic Nitride. The Determination of Germanium and 
Nitrogen.-Preliminary experiments showed that the usual methods for the determina- 
tion of nitrogen were not highly satisfactory. Concentrated sulfuric acid and also a mix- 
ture of this acid with concentrated nitric acid reacted slowly with the nitride even on 
boiling. Several days were required to dissolve a small amount of the nitride when this 
procedure was followed. A concentrated solution of sodium hydroxide, even when 
boiled, did not liberate ammonia and appeared to havP no effect on the nitride. I t  
was found, however, that, when the nitride was heated a t  a temperature as low as 600 O 

in a stream of hydrogen gas, reduction took place readily to metallic germanium and 
ammonia. At 700" the reduction process was found to be extremely rapid. The re- 
action evidently proceeds as follows 

6Hz + Ge3N4 = 3Ge f 4NH3 
Likewise, the reaction to the left expresses the process for the formation of the nitride 
from germanium and ammonia. 

In collecting the ammonia resulting from the reduction of the nitride, the gas stream 
was allowed to pass through two wash bottles containing a known amount of standard 
hydrochloric acid solution. The strength of the acid was 0.1032 N. When the reduc- 
tion was completed, the solutions were titrated back with standard sodium hydroxide 
solution and the amount of acid used to combine with the ammonia was calculated ac- 
cordingly. The residue remaining in the boat after complete reduction of the nitride 
was germanium in the elementary state. 

Quantitative results were obtained in this procedure when a rapid stream of hydro- 
gen was used so that the ammonia would be rapidly swept out of the hot regions of the 
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furnace. A slow gas stream permitted the ammonia to dissociate into nitrogen and hy- 
drogen and low results were obtained. 

The results of the reduction are given in Table I. In the first column is given the 
weight of germanic nitride reduced, in the second and third columns, the weight of ger- 
manium found in the boat after complete reduction and the theoretical amount, re- 
spectively; in the fourth, the volume of standard acid solution used to neutralize the 
ammonia collected; and in the fifth and sixth columns, the amount of nitrogen as calcu- 
lated from the titration and the theoretical amount, respectively. 

ANALYSIS OF GERMANIC NITRIDE FOR GERMANIUM AND NITROGEN 

GezN,, g. Ge (found), g.  Ge (calcd.), g. HCI, cc. Nz (found), g .  Nz (calcd.), g .  

0.5000 0.3989 0.3977 70.17 0.1020 0.1023 
.6586 .5270 .5238 91.14 .I318 .I348 
.5732 .4553 .4559 82.65 .I195 .I173 

The Oxidation of Germanic Nitride.-Germanic nitride was found to be exceed- 
ingly stable toward the usual oxidizing agents. Even a mixture of fuming nitric and 
fuming sulfuric acids caused only a slow oxidation on boiling. When the compound 
was heated in air a t  the temperature of the Mkker burner, oxidation took place with 
difficulty. Pure oxygen gas was found to oxidize the nitride a t  850-900"; on the other 
hand, the reaction proceeded slowly a t  800 O. White germanic oxide was formed in this 
reaction; the condition of the nitrogen was not determined but, without doubt, i t  was 
eliminated as elementary nitrogen. 

Anal. Subs., 0.5766, 0.9777. Calcd. GeOz: 0.6607, 1.1203. Found: 0.6593, 
1.1180. 

The Chlorination of Germanic Nitride.-Germanic nitride, 0.4321 g., was weighed 
in an alundum boat which was introduced into a vitreosil tube. A slow stream of chlo- 
rine gas, emitted from a tank and dried with concentrated sulfuric acid, was allowed to 
pass over the nitride a t  different temperatures. The temperature was controlled as 
previously described. The first heating was carried out at  400-450 O for a period of two 
hours; only 2.3 mg, loss in weight resulted. When the temperature was increased to 
600' for four hours, more than one-third of the material was found to have left the 
boat. The color of the remaining material was brown, but of a little lighter shade than 
that of the original sample. The heating was continued for several hours a t  tempera- 
tures ranging from 500-575' but no indication of reaction was found; however, a t  600- 
700°, the reaction proceeded rapidly, as all but 50 mg. of the original sample of the ni- 
tride disappeared from the boat during a four-hour heating. The color of the remaining 
nitride was still a light brown. I t  was found possible, on further heating a t  the last- 
named temperature, completely to remove the nitride from the boat by the reaction with 
chlorine gas. Germanium tetrachloride was observed as one of the products of the re- 
action. The following equation expresses the probable course of the reaction 

Color.-Schwarz and Schenk state that germanic nitride is white 
when pure. In the decomposition of their germanam they obtained a 
brown colored nitride, but they attribute the color to the presence of 
finely divided germanium. In view of the above-described experiment 
on the chlorination of the nitride, it is impossible to ascribe the color to 
any appreciable amount of metallic germanium. Germanium is well 
known to react with chlorine readily at  temperatures as low as 100'. 
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In  the above, the brown color persisted after the nitride had been heated 
for many hours in chlorine a t  temperatures ranging from 400-700'. If 
any germanium were present with the nitride, one would expect it to be 
quickly removed as germanium tetrachloride, which is thermally stable 
a t  the temperatures of the experiments. Since the brown color did ap- 
pear to vary in intensity in the different preparations and since the chlorine 
rendered them lighter in color, undoubtedly a small amount of germanium 
was present. This amount is accounted for in the first loss in weight 
recorded in the chlorination experiment, namely, 2.3 mg., but no loss re- 
sulted when the same material was later heated a t  500-575O. On the 
other hand, the persistence of the color throughout the entire reaction 
either means that the nitride is normally a light brown or that another 
constituent is present, possibly germanium or a lower nitride, which is 
so finely dispersed throughout the mass of the material as to render its 
separation difficult. 

The presence of an appreciable amount of germanous nitridell with 
the germanic nitride is not substantiated by experiments. This nitride 
is quite volatile and would be removed from the germanic nitride a t  the 
temperatures required for the preparation of the latter. 

It may also be suggested that the color is due to the polymerization of 
the germanic nitride molecule. 

The Dissociation of Germanic Nitride.-The decomposition of the 
nitride a t  900-1000° resulted in the production of germanium and nitro- 
gen. (A small amount of material, black to brown in color, appeared 
on the walls of the tube. This is thought to be germanous nitride.)12 
The results obtained by Schwarz and Schenk a t  the high temperatures 
are confirmed in this experiment. It should be stated, however, that 
in our experiments the nitrogen was removed rapidly by means of a Hy- 
vac pump while the dissociation proceeded. 

When the nitride was decomposed in a closed system a t  lower tempera- 
tures, 600-700°, a considerable amount of material collected on the walls 
of the tube in the cooler regions. The pressure developed by the nitro- 
gen was measured a t  different intervals over a period of several weeks 
and was found to increase gradually. There was no indication of any 
equilibrium values. If dissociation a t  this temperature produces nitro- 
gen and germanium, there must necessarily result some germanous ni- 
tride, which would volatilize and collect on the walls of the tube. It 
will be necessary to study the dissociation of germanic nitride under dif- 

" Germanous nitride, Ge3N2, has been prepared in this Laboratory by Mr. J. R. 
Hart. It is formed readily when metallic germanium is heated in nitrogen at  800-950'. 
Thin layers of this nitride appear brown in color while the substance in a compact form 
appears black. I t  is readily volatile a t  a temperature as low as 650 ". The results con- 
cerning its preparation and properties will appear in a forthcoming publication. 

l2 Observations by Mr. J. R. Hart. 
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ferent conditions, and, if possible, to obtain equilibrium values before 
any definite statement may be made concerning the mechanism of the 
process. 

Other Properties.-Germanic nitride resembles the corresponding 
compound of silicon in its remarkable stability. I t  is not affected by air 
at  ordinary temperatures. It is insoluble in water and all the common 
inorganic so!vents. It is not attacked hy water at 100'. A boiling solu- 
tion of sodium hydroxide does not liberate nitrogen as ammonia from the 
nitride. Strong acids appear to affect it slightly. 

Summary 
Germanic nitride has been prepared by reacting metallic germanium 

with ammonia gas a t  700°. Germanic oxide may be used in place of ger- 
manium in this reaction. 

The nitride is readily reduced by hydrogen at  700' to germanium and 
ammonia. This process serves as a method of analysis for the germanium 
and nitrogen. 

The oxidation of the nitride to germanic oxide by means of oxygen at 
850' proceeds rapidly. Chlorine gas reacts with germanic nitride a t  
high temperatures. 

The color, dissociation and other properties are discussed. 
CHICAGO, ILLINOIS 

[CONTRIBUTION FROM TEE GEORGE HERBERT JONES CHEMICAL LABORATORY OR THE 

UNIVERSITY OF CHICAGO] 

A SPECTROSCOPIC STUDY OF THE DECOMPOSITION AND 
SYNTHESIS OF ORGANIC COMPOUNDS BY ELECTRICAL 

DISCHARGES. I. THE ELECTRODELESS DISCHARGE 

1. Introduction 
While the effects of electrical discharges upon organic gases and vapors 

have been investigated extensively, little has been known concerning the 
mechanism of their action. Thus the final condensation products have 
been studied, but there has been practically no knowledge of the decompo- 
sition products formed initially in the discharge. 

In certain respects the conditions in low voltage discharges resemble 
those in flames, although the velocities of the free electrons are commonly 
greater in the former. In flames produced by the combustion of organic 
hydrogen compounds in oxygen, molecules of water, of hydroxyl (OH), 
of carbon (Cz) and of carbon monoxide, are present. These molecules 
also exist in electrical discharges which pass through organic vapors, 
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provided these contain the elements oxygen and hydrogen as constituents. 
I n  flames an excess of oxygen converts the carbon partly into carbon 
dioxide. In  electrical discharges in pure organic vapors such an excess 
of oxygen is not present, so that practically no carbon dioxide is formed, 
and oxygen and carbon are combined almost entirely as carbon monoxide. 
Carbon is present as molecules of Cz, of CH, and as carbon atoms and singly 
charged positive carbon ions (C+), while hydrogen is found also as atoms 

(HI. 
Such atoms, ions and molecules are obviously extremely active, and 

unite rapidly to form very complex organic liquids or solids. For exam- 
ple, Lind and Glocklerl found that silent, semi-corona and corona dis- 
charges effect the condensation, with a liberation of hydrogen and some 
methane, of the lower saturated hydrocarbons and of ethylene. With 
the ozonizer type of discharge, the products are almost entirely liquid, 
whereas the corona type of discharge yields as much resinous solid as 
liquid product. Similarly, Lind and Bardwe112 found that a-radiation 
causes the condensation of the lower saturated hydrocarbons with elimi- 
nation of hydrogen and methane and the formation of higher saturated 
and unsaturated hydrocarbons, which may be gaseous, liquid or solid. 
Carbon monoxide gives carbon, carbon dioxide and a solid, presumably 

. a suboxide of carbon. With unsaturated compounds, Lind, Bardwell 
and Perry3 obtained solid polymers from acetylene, cyanogen and hydro- 
gen cyanide under the influence of a-particles, and a colorless liquid con- 
densate from ethylene upon elimination of one-sixth of its content of hy- 
drogen. 

The effect of canal rays was studied as early as 1906 by K i n ~ s h i t a , ~ ~  
who worked with several gases, including acetylene, and obtained charac- 
teristic line and band spectra. More recently, Kohlschiitter and Frum- 
kinsb investigated the decomposition of hydrocarbons by canal rays. 

The electrodeless discharge, as the writers have r e p ~ r t e d , ~  is a con- 
venient means of effecting the polymerization or condensation of organic 
compounds. Thus, when benzene vapor a t  a pressure of 0.1 mm. (rela- 
tively low compared to the pressures used by Lind and his co-workers) 
is subjected to the electrodeless discharge, a greenish-white, ring-like glow 
appears, concentric with and adjacent to the coil of wire which supports 
the discharge. This glow immediately spreads through the entire flask, 
and is extinguished in a red flash, since the benzene is converted into a 
solid, so that the pressure falls too low to  carry the discharge. If, how- 

Lind and Glockler, THIS JOURNAL, 50,1767 (1928); 51,2811,3655 (1929). 
Lind and Bardwell, ibid., 47,2675 (1925); 48,2335 (1926). 
Lind, Bardwell and Perry, ibid., 48, 1556 (1926). 

38 Kinoshita, Phys3 .  Z., 8, 35 (1907). 
3b Kohlschiitter and Fntmkin, Ber., 54B, 587 (1921). 
4 Harkins and Gans, THIS JOURNAL, 52,2578 (1930). 
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ever, benzene vapor is continuously admitted at  the proper pressure, the 
discharge persists as a brilliant white ball, arid a brown solid deposits on 
the walls of the vessel. Thc formula of this product is (CH),. The 
spectrum from the discharge shows that the benzene is first decomposed 
into neutral hydrogen (H) and carbon (C) atoms, into singly charged 
carbon ions (C"), and into molecules of carbon (Cz) and monohydrocarbon 
(CH) .6 

Other organic substances form similar compounds and give related 
spectra. If oxygen is present in the substances, molecules of water, of 
hydroxyl (OH) and of carbon monoxide are formed as intermediate 
products, as has already been stated. If nitrogen, but not oxygen, is 
present, cyanogen (CN), nitrogen (N2), singly charged Nz+ ions and 
imine (NH) molecules are formed. 

In general, these atoms, molecules and ions react with each other very 
rapidly, almost instantaneously, to form products of higher molecular 
weight. For example, benzene is decomposed and the fragments unite 
to form a reddish-brown solid almost as rapidly as the benzene vapor 
can flow into the flask a t  the proper reduced pressure. One exception 
is the product water, which is relatively inactive and does not seem to  
unite to any very great extent with the other materials produced by the 
decompositions. 

2. Apparatus and Procedure 
The apparatus used in these experiments is shown in Fig. 1. Here F is a 1-liter 

pyrex flask which contains the vapor studied. Over the mouth of the flask, a quartz 

Fig. 1. 

window Q is attached with de Khotinsky cement. The tube E, sealed to the neck of the 
flask, acts as a trap for any solid product which may be thrown against the window, and, 
when necessary, as a liquid-air trap. Around the flask, in the plane passing through the 

This is confirmed by Austin, THIS JOURNAL, 52, 3026 (1930). 



5168 WILLIAM D. HARKINS AND DAVID M. GANS V0l. 52 

window, is tightly wound a vertical coil of six turns of insulated, heavy copper wire. 
In  addition to this coil, the high-frequency circuit consists of a 1 kv. a. Thordarson 
transformer V which supplies 25,000 volts, a spark gap S capable of adjustment by a 
screw and made of cylindrical zinc electrodes 1.7 cm. in diameter, and a 0.02 microfarad 
condenser C of 14 squares of sheet metal immersed in transformer oil between plates of 
double-strength window glass in a metal container. The frequency of the circuit, as de- 
termined with a radio receiver, was about 1100 kilocycles per second. 

Vapor is admitted to the flask F from the supply bulb B. Mercury vapor from the 
diffusion pump P, which is backed up by a Cenco Hyvac pump, is kept from the flask 
by the liquid-air trap T, while the liquid-air trap U prevents the substance in the bulb 
from getting into the pumps. The special McLeod gage G is capable of measuring 
pressures up to several millimeters of mercury. 

The compound to be studied, properly purified and dried, is distilled into the bulb B, 
which is then sealed, except for the outlet through stopcock K. After the air is pumped 
out of the bulb, stopcock K is closed and the apparatus is completely evacuated. Stop- 
cock J is now closed permanently, the electrodeless discharge is started and vapor is 
admitted to the flask F through stopcock K. The vapor, as i t  enters the vessel, is de- 
composed with emission of light and formation of the products already mentioned. 

The discharge is very sensitive to pressure changes and operates a t  low pressures. 
With a very volatile liquid, the stopcock K must therefore be opened only very slightly, 
and it is sometimes necessary to surround the bulb B with a properly chosen cooling 
agent. The vapor pressure of a relatively non-volatile solid or liquid may not be high 
enough a t  room temperatures to support the discharge, in which case that part of the 
apparatus which lies to the right of stopcock J is enclosed in a box which contains an 
electrical heater capable of maintaining the contents of the box at  60' or more. When 
the pressure in the flask F is correctly controlled, the decomposition can be continued 
without interruption for several hours. Should the compound form products whose 
vapor pressure is too high a t  ordinary temperatures, the side-arm E is surrounded with 
liquid air. The discharge causes a considerable evolution of heat, which is dissipated 
by the use of a fan. 

The light which passes out through the window Q is focused on the slit of a spectro- 
graph. In  this work a Hilger El quartz spectrograph and a Steinheil GH glass spectro- 
graph were used. A small plane silver mirror, placed when desired a t  an angle of 45" 
just in front of the quartz window, throws the spectrum of an ion arc on each plate, for 
comparison. For work in the visible region, panchromatic plates were used. The 
deposition of a firmly adhering film of product necessitated a change of window after 
each exposure, which lasted from one-half to two hours. 

3. Purification of Compounds 
The compounds studied were benzene, acetylene, naphthalene, n-heptane, aniline, 

nitrobenzene, phenol and chlorobenzene. Acetylene was prepared' by dropping ethyl- 
ene dibromide into 30% alcoholic potash a t  its boiling point. To remove vinyl bromide 
the gases evolved were passed through a series of two coil condensers, through which 
ice-water was circulated. The acetylene was collected over water, passed over phos- 
phorus pentoxide and repeatedly through a trap surrounded by carbon dioxide snow to 
remove water and any remaining vinyl bromide. The acetylene was finally isolated in 
the bulb B over liquid air. C. P. naphthalene was used. With the other compounds, 
the middle fractions obtained by distillation of the C. P. reagents were dried over sodium, 

6 This procedure was suggested to us as the best method for preparing pure acetyl- 
ene by Prof. M. S. Kharasch. 



phosphorus pentoxide, or anhydrous sodium sulfate, and distilled into the bulb B under 
reduced pressure. 

4. Effects of the Electrical Discharge 
(a) Benzene.--With benzene, no liquid air was required around the 

side tube E. In half an hour several thousand liters of vapor were ad- 
mitted continuously to the discharge vessel, and decomposed, yet not 
enough permanent gas accunluiated in the flask to extinguish the dis- 
charge, despite its sensitivity to pressure changes. This is evidence that 
the fragments produced by decomposition reunite completely to form 
the reddish-brown solid observed. Analysis of the product gave (Cl.oo- 
 HI.^^), as its average composition. I t  was insoluble in ordinary solvents, 
although a continuous extraction with xylene in a Soxhlet apparatus 
for three weeks yielded a brown solution which left a small amount of 
gummy, viscous liquid on evaporation of most of the solvent. On further 
heating the product charred before the xylene was completely removed. 
No fraction could be pumped off from the solid in vacuo, although i t  was 
heated above 100° and liquid air was used as the condensing medium. 
A sample of the solid gained 1.0% in weight after being exposed to the 
atmosphere for twenty days, and 2.5% after sixty-six days, through ab- 
sorption of oxygen, adsorption of water vapor, or both. 

Benzene vapor at  a pressure of 0.25 mm. of mercury could be decom- 
posed by the discharge only when the spark gap was increased to 6 mm. 
At lower pressures, not so long a spark gap was required. Thus, a t  a 
pressure of 0.14 mm., a spark gap of 3 mm. sufficed, while a t  0.03 mm. 
pressure, a spark length of 1.5 mm. effected decomposition. At a pres- 
sure of about 0.1 mm., approximately 1.2 g. of solid was produced per 
hour. 

These data are summarized in Table I. The first column gives the 
color of the initial ring discharge, greenish-white in the case of benzene. 
In the second column is the color of the brilliant glow within the flask 
when decomposition is in progress. This glow completely fills the flask 
at  intermediate pressures, but shows a non-luminous core a t  higher pres- 
sures. It was this glow, white for benzene, which was photographed. 
The next column of Table I gives the color of the product. The solid 
formed on the walls, and peeled off as a powder, as thin flakes or as thick 
scales, depending on the substance decomposed. The physical form of 
the product is listed in the fourth column. That part of the solid which 
did not peel off clung tenaciously to the glass, but could be cleaned away 
by filling the flask with water, which seemed to get between the glass 
and the film with great ease. A fresh, dry flask was used for each sub- 
stance. In the last column is given the approximate rate of formation 
of the product in grams per hour at  an intermediate pressure. Data for 
all the substances studied are presented in Table I. 
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TABLE I 
Rate of 

formation 
Color of discharge Color of Form of of product, 

Substance Ring Glow product product g.  per hour 

Benzene Greenish- White Medium Powder and 1 . 2  
white brown small scales 

Acetylene Bluish-white White Medium Powder and 1 .3  
brown small scales 

Naphthalene Violet-white White Very dark Thick scales 1 . 2  
brown 

n-Heptane Bluish-white Reddish- Yellow Very thin 0.00 
white brown scales 

Aniline Violet-white Bluish-white Medium Powder and 0 .9  
. with red brown scales 

spots 
Nitrobenzene Bluish-white White Dark brown Thick scales 0 . 7  
Phenol Violet-white White with Medium Powder and 0 . 4  

red spots brown scales 
and greenish- 
blue center 

Chlorobenzene Greenish- Greenish- Black Powder and 0 .4  
white white with 

red a t  center 
thick scales 

Photographs of the decomposition spectrum for benzene are shown in 
Figs. 2 and 3. The fainter portions, easily visible in the original plates, 
are here indiscernible, because of repeated reproduction. The spectrum 
taken with the Steinheil instrument, Fig. 2, extends from 6600 to 3800 
A., and that taken with the Hilger spectrograph in the first position, Fig. 
3a, from 6600 to 3300 A. Spectrograms were also secured with the Hil- 
ger instrument in the second position, which carried the work down to 
2400 A. in the ultraviolet. 

The decomposition spectrum of benzene showed all five groups of Swan 
bands very prominently. The other Cz bands, discovered by Deslandres 
and D'Azambuja7 and analyzed and discussed by Dieke8 and by John- 
son9 were also present, though faintly, a t  X4102, X4068, X4041, X3852, 
13826, X3607, X3593, X3588, A3400 and X3398. The CH bands a t  
A4300 and A3900 were both prominent, and the first five lines of the 
Balmer series of hydrogen, H, to H,, were very apparent. The line 
spectrum of C+ and the line due to C a t  A2478 were also present. The 
relative intensities are tabulated in Table 11, which lists similar data for 
all of the compounds investigated. 

When the decomposition was carried out a t  the lowest possible pres- 
sures, the nature of the spectrum was changed. The glow itself became 

Kayser, "Handbuch der Spektroscopie," Vol. V, 234. 
Dieke, Nature, 125, 51 (1930). 

"ohnson, ibid., 125, 89 (1930). 



RELATIVE INTENSITIES _-_- Substance - - ___1 

Ben- Acety- Naphtha- n- Ani- Nitro- Chloro- 
zene lene lene Heptane line benzene Phenol benzene 

Exposure, hrs.. . . 0.5 0.75 0.5 0.5 1 2 1.5 1 
Intermediate 

decomposition 
product 

CH 4 3 2 2 3-4 * 2 3 
Swan Cz 5 4 4 4 3 3 1 
cza 2 2 1 1 2 
C +  (C) 3 2 2 1 3 3 3-4 1 
H 4 4 3 5 3 3 3 3 
CN 5 5 
NH 2-3 
N2 2 2 
Nz + 2 2 
co 2 1 
OH 3 3 
C1 5 

" Ca bands other than Swan bands. 
1, Very weak; 2, weak; 3, average; 4, intense; 5, very intense. 

much redder and weaker and what bands appeared were very feeble in 
intensity. The Balmer series for hydrogen became relatively more promi- 
nent, and, despite the precautions taken to keep mercury vapor out of 
the discharge vessel, there appeared an intense line spectrum of mercury 
corresponding to that excited by the spark, rather than the arc. 

The spectrum thus indicated the intermediate existence of C+ ions, 
C and H atoms and CH and Cz molecules during the decomposition of 
the benzene. 

(b) Acetylene.-The product obtained with acetylene resembled that  
for benzene. To cool the side tube E was not necessary. The spectrum 
was the same as for benzene. The details are given in Tables I and 11. 

(c) Naphthalene.-Naphthalene produced a very dark brown product, 
which flaked off the glass in thick scales. No liquid air was required around 
tube E. The initial electromagnetic ring discharge did not show as great 
a tendency as with benzene to spread through the flask to give decompo- 
sition. The decomposition spectrum differed from that for benzene in 
its lower intensity for the same time of exposure. 

(d) n-Heptane.-n-Heptane reacts differently from the unsaturated 
hydrocarbons. Although an amber-colored solid was formed on the 
walls, the quantity was very slight. When the discharge vessel was filled 
with n-heptane vapor at  the proper pressure and stopcock K was closed, 
the pressure on decomposition seemed to rise slightly, rather than to fall. 
If fresh vapor was admitted to the flask, the discharge was extinguished 
because of the increase in pressure. Nor was the passage of the discharge 
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made possible when the side tube E w 
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mersed in liquid air, if vapor 
was continuously admitted 
t o  t he  flask. No l iquid 
products were visible. The 
gaseous products could not 
be condensed with liquid air. 
The spectrum consisted of 
the Balmer series, which was 
very prominent, of the CH 
bands, which were faint, and 
of the C line at  12478. In 
addition, an intense mercury 
spectrum was present, as it 
was for benzene when de- 
composed a t  the  lowest 
pressures. 

(e) Aniline.-With ani- 
line, it was necessary to im- 
merse the side tube E in 
liquid air in order to keep 
the pressure low enough for 
the discharge to pass. The 
product had a strong odor of 
bivalent carbon compounds, 
which made difficult the de- 
tection by smell of ammonia 
and the lower amines, but 
neutral litmus paper, when 
inserted in to  a freshly 
opened flask F, rapidly 
turned blue. 

I n  t he  spectrum, the  
violet cyanogen bands were 
prominent, from Group I1 
a t  A4532 to Group V a t  
X3590. The @-bands of 
NH, at  X3360 and X3370, 
were visible. The second 
positive group of Nz ap- 
peared a t  X3577, X3371 and 
X3 159, and the first negative 
group, due to Nzf, showed 
a t  X3914. The spectrum 



characteristic of benzene was also present, although subdued. The spectro- 
gram obtained for aniline with the Hilger spectrograph in its first position 
is reproduced in Fig. 3b, next to that for benzene. 

(f) Nitrobenzene.-For continuous decomposition, nitrobenzene re- 
quired liquid air a t  E. The product did not have the strong odor of the 
solid from aniline, and was dark and coarse, although a slight deposit 
that formed a t  the neck of the tube E was much lighter in color, a char- 
acteristic that was observed also with other compounds. Moist neutral 
litmus paper was not affected when it was held in a flask F opened just 
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after the end of an exposure. The spectrum was in general like that for 
aniline, but showed also the OH band a t  A3064 and the CO bands a t  
X2974 and X2832, as for phenol. A search for NO bands was made down 
to X2200, but none was found after a two-hour exposure. 

(g) Phenol.-To condense the water vapor which phenol forms on 
decomposition, liquid air was kept around the tube E. In addition to 
the typical benzene decomposition spectrum, phenol showed the water 
vapor band, for which the carrier is OH, a t  X3064, and, faintly, the third 
positive group of carbon, due to CO, a t  A2974 and X2832. 

(h) Ch1orobenzene.-With chlorobenzene, also, the tube E was cooled 
with liquid air. The product was black, and neutral litmus thrust into 
a freshly opened flask quickly turned red, indicating the presence of hy- 
drogen chloride. The spectrum consisted almost entirely of the line 
spectrum of chlorine, as excited by the spark, but the first three lines of 
the Balmer series for hydrogen were present. Also, some of the lines 
due to C+ and C and part of the Swan bands were very faintly visible. 

4. Discussion 

The electronic energy utilized in breaking up the molecules is in part 
given off as radiation, and the energy of this radiation gives some idea 
of the range of the electronic energy and velocity involved. This range 
is from 1.8 to 5 volts, which corresponds to velocities from 8 X lo7 to 
1.3 X lo8 cm. per sec. and to energies from 41 to 115 kg. cal. per mole. 
Undoubtedly electron velocities below this are effective in breaking up 
the organic molecules, but such velocities correspond to the infra red 
spectrum, which has not been investigated. According to Hittorflo and 
J. J. Thomsonll the electrodeless discharge is due to electromagnetic in- 
duction, but Townsend and Donaldson12 consider it to be caused by the 
electrostatic potential. MacKinnon13 has shown that Thomson's work 
has been confined to the ring discharge, which is electromagnetic in origin, 
while the relatively weaker glow discharge investigated by Townsend 
and Donaldson is electrostatic. In the present work both types of dis- 
charge existed, but the decomposition always started as a ring discharge. 

It may be assumed that the decomposition of the organic vapors into 
simpler molecules, atoms and ions is due to free electrons. These gain 
velocity, due to the field, between impacts. The higher the pressure of 
the gas, the smaller the mean free path of these electrons, and the more 
rapidly must the electrons gain velocity in order to attain any definite 
final velocity a t  the time of impact with a molecule. For this reason 

lo Hittorf, Wied. Ann., 52, 473 (1884). 
J. J. Thomson, Phil. Mag., [7] 4, 1128 (1927); [5] 32,321,445 (1891). 

l2 Townsend and Donaldson, ibid., [7] 5, 178 (1928). 
l3 MacKinnon, ibid.. [7] 8,605 (1929). 
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it  is necessary to increase the voftage on the coil as the pressure of the gas 
increases, if the discharge is to continue to pass. Since there are great 
differences in the individual electron mean free paths as well as differences 
between the electrostatic and the electromagnetic fields, the individual elec- 
trons attain very different velocities before impact. If the velocities are in 
general too small, the discharge will not pass through the gas, since not 
cnough ions and free electrons are produced. 

I t  is not the intention of the preceding paragraph to indicate that  the 
effects of ions, produced by electron bombardment, in causing ionization 
and dissociation by collisions of the second kind are negligible. There 
may be, in addition, some dissociations produced by collisions of the first 
kind, other than those due to electrons. 

The writers wish to thank the National Research Council for a grant 
which has enabled them to secure a Steinheil GH glass spectrograph for 
use in this and other spectroscopic work. 

5. Summary 

1. In the electrodeless discharge organic vapors are commonly de- 
composed into simpler molecules, atoms, ions and electrons. For ex- 
ample, benzene is rapidly decomposed into molecules of monohydro- 
carbon (CH) and of carbon (Cz), into atoms of carbon (C) and of hydro- 
gen (H), and into singly charged positive ions of carbon (C+). Phenol 
gives all of these products and molecules of hydroxyl (OH), of water (HzO) 
and of carbon monoxide (CO) in addition. Aniline gives the same de- 
composition products as benzene, and also single molecules of cyanogen 
(CN), of imine (NH), cf nitrogen (Nz) and singly charged molecular 
nitrogen ions (Nzf). Acetylene and naphthalene give the same products 
as benzene. 

2. The intermediate decomposition products listed in (1) are extremely 
active and unite very rapidly to form brown or black solids which are in- 
soluble in water and organic liquids, and which doubtless have high mo- 
lecular weights. 

3. n-Heptane, unlike the unsaturated hydrocarbons, gives very little 
solid in the type of apparatus here employed. During the decomposition 
of this saturated compound there exists much atomic hydrogen (H), 
relatively few molecules of monohydrocarbon (CH) and some neutral 
atoms of carbon (C). 

CHICAGO, ILLINOIS 
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[CONTRIBUTION FROM THE LABORATORY OF PHYSICAL CHEMISTRY OF THE UNIVERSITY O p  

UPSALA] 

THE MOLECULAR WEIGHT OF EGG ALBUMIN. 11. IN THE 
PRESENCE OF ELECTROLYTES112 

The investigation of the molecular weight of egg albumin in salt-con- 
taining solutions to be reported in this paper is a continuation of the ultra- 
centrifugal study of egg albumin described in 1926.3 The experimental 
data were obtained in 1927, but certain points arose which were difficult 
to explain and which were thought to be due either to experimental error 
or t o  abnormalities in the behavior of the protein. The data were therefore 
set aside to await confirmation. 

Although the sedimentation-equilibrium method had given very con- 
cordant results and had indicated that egg albumin was composed entirely 
of molecules 34,500 in weight the diffusion constant from the sedimentation- 
velocity runs, even in electrolyte-free solution, was only about six-tenths 
of the required value calculated from the molecular weight and the sedi- 
mentation velocity and was fairly irregular from run to run. On the other 
hand, the specific sedimentation velocity gave reasonable values through- 
out. 

At first it was thought that a slight temperature inequality was present 
leading to a small convection current which made the diffusion constant 
appear smaller than it actually was but had no marked effect on the sedi- 
mentation ~ e l o c i t y . ~  However, a more detailed study of other abnormal 
cases that have since appeared suggests that the egg albumin centrifugings 
were not in error and that the material had not undergone harmful decom- 
position. In a recent paper on Bence- Joness protein a discussion has been 
given of these abnormalities in the diffusion constant. Since then more 
examples of abnormal diffusion have been met with. For many of the 
proteins thus far studied, the values of molecular weights obtained from the 
sedimentation-equilibrium and the sedimentation-velocity methods have 
agreed within the experimental error. This fact signifies that the molar 
frictional coefficient active in free diffusion is often the same as that effective 
in sedimentation-especially a t  the isoelectric point. However, hemo- 

Presented a t  the Minneapolis (September, 1929) meeting of the American 
Chemical Society. 

a The author wishes to acknowledge the aid given him by E. I. du Pont de Nemours 
& Company, which rendered possible the completion of this work. 

Svedberg and Nichols, THIS JOURNAL, 48,3081 (1926). 
Cf. Rinde, "The Distribution of the Sizes of Particles in Gold Sols," Dissertation, 

Upsala, 1928, pp. 85-87. 
Svedberg and Sjogren, THIS JOURNAL, 51, 3594 (1929). 
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cyanin5 and cuprammonium cellulose7 have shown abnormalities due to 
hindered diffusion in the more concentrated solutions, the first on account 
of its large size and the second probably because of its thread-like nature. 
This hindrance to diffusion caused by the too close proximity of the mole- 
cules in the more concentrated solutions disappears in sufficiently dilute 
systems. The same explanation does not suffice for egg albumin, Bence- 
Jones protein and some other protei~s because the molee-lles are small! com- 
pared with hemocyanin and regular compared with cuprammonium cellu- 
lose. Further consideration must be given to this problem before i t  will 
be possible to state with certainty what the cause is of the abnormally small 
diffusion of the proteins with small molecules. 

On the other hand, the sedimentation velocity behaved normally for egg 
albumin and gave consistent results under conditions which have been 
found to produce normal behavior in other proteins: (I) sufficiently salt- 
free, stable solutions as prepared by electrodialysis; (2) well-buffered solu- 
tions in the neighborhood of the isoelectric point; (3) solutions containing 
buffering or nkutral salts in quantity insufficient to cause "salting-out.'' 
Therefore only determinations of the sedimentation constant will be used 
to characterize the egg albumin in different ionic environments, but it is 
well to mention in passing that the value found for the diffusion constant 
of egg albumin a t  30' is roughly 0.065 sq. cm./day or 0.076 X sq. cm./ 
sec., which is of the same order as Herzog's value? 0.087 X sq. cm./ 
see. when the latter is adjusted to the same temperature, 30°. 

Experimental 

The egg albumin used in the experiments was crystallized according to the method 
of S$rensen,g and dialyzed for fifteen days in flowing distilled water a t  0° ,  saturated with 
toluene. The material was further purified previous to the experiments by electro- 
dialysis a t  a current density of 0.3 ma./sq. cm., bringing down the conductivity of a 1% 
solution to 1.3 X 10-6 mhos a t  18'. The solutions were brought to the desired concen- 
tration and salt content or PH immediately before starting the centrifuge runs. In 
the neighborhood of the isoelectric point the partial specific volume was taken as 0.754 
at  30" except in sodium chloride solutions, where V = 0.749.lQ The reason for this de- 
pressing action is not clear Sodium chloride would be expected to show a dehydration 
effect but it is not evident that such an effect would produce the observed depression of 
the value of the partial specific volume. 

Table I shows that the partial specific volume does not vary over an ap- 
preciable PH range, in fact not until we reach strongly acid solutions. 

All of the experiments were carried out in the high-speed oil-turbine type 
8 Svedberg and ChirnoagH, THIS JOURNAL, 50, 1401 (1928). 
7 Stamm, ibid., 52,3047 (1930). 
8 Herzog, 2. Elektrochem., 13, 539 (1907). 

S$rensen, Medd. Carlsberg Lab., 12,12 (1917). 
10 The value of 0.749 for egg albumin solutions containing sodium chloride has also 

been obtained a t  the du Pont Experimental Station. 
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TABLE I 

VARIATION OF PARTIAL SPECIFIC VOLUME IN DIFFERENT SOLVENTS AT 30' 
Solvent PH of soln. Partial sp. vol 

0.102 NHC1 1.16 0.759 
0.010 N HCl 2.44 . . 
Acetate buffer 0.025 N with respect to sodium 3.6 .755" 
0.02 N acetate buffer 4.7 .754 
1.0% NaCl solution 4.75 .749 
Electroly te-free 4.67 .754" 
Acetate b d e r  0.025 N with respect to sodium 5.4 .754" 
0.017 M primary-secondary phosphate buffer 7.3 .749 

" These values are adjusted to 30' from a temperature of 19.2'. 

of ultracentrifuge1' with the exception of the one sedimentation-equilibrium 
experiment. As shown in previous communications the molecular weight 
is determined from the sedimentation equilibrium 3212  by the relation 

and from the sedimentation ve l~c i ty '~"~  by the expression ' 

M =  R T s  
(1 - VP)D 

R is the gas constant, T the absolute temperature, V the partial specific 
volume of the solute, p the density of the solvent, w the angular velocity, 
cz and cl the concentrations a t  the distances xz and XI from the center of 
rotation, D the diffusion constant and s = (dx/dt) (l/w2x), the specific 
sedimentation velocity or sedimentation constant. 

Since, however, the diffusion constant for egg albumin is abnormal, Equa- 
tion 2 is not valid as it stands, and the results will be left in terms of s, the 
sedimentation constant, which will be shown later to be equal to the value 
calculated from the molecular weight determined by sedimentation-equi- 
librium measurements. 

The solutions were subjected to a centrifugal force approximately 100,000 
times that of gravity. Exposure time was from twenty to forty seconds 
and the usual time of centrifuging was three to four hours. Pictures of the 
sedimenting system were taken every half hour. The length of column of 
solution used was from 13 to 15 mm. and the thickness 2 mm. All values 
refer to  ly0 egg albumin a t  30'. The absorption band of egg albumin in 
the short ultraviolet region of the spectrum was employed in making the 
concentration determination in the centrifuge by isolating the wave length 
range 290-240 mp from the mercury arc by means of gaseous chlorine and 
bromine filters. Imperial Process plates were used on account of their 

l1 Svedberg and Nichols, THIS JOURNAL, 49, 2929 (1927). 
l2 Svedberg and Ffiraeus, ibid., 48,430 (1926). 
l3 Svedberg and Lysholm, Nova Acta Reg. Soc. Scient. Upsaliensis, Vol. ex. ord., 

ed. 1927. 
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thin, uniform emulsion and were developed with Eclipse metol-hydro- 
quinone developer. 

Figure 1 gives a reproduction of the photographic record of the centri- 
fuging of an acetate buffer solution of 1.0% egg albumin a t  a PH of 4.7. 
This experiment was performed a t  30' and a t  a speed of 41,900 r. p. m. cor- 
responding to a centrifugal force of nearly 100,000 times that  of gravity. 
The first exposure to the left shows the condition of the solution a t  the 
start of the run, and succeeding exposures show it after one-half, one hour, 
etc., up to three and one-half hours of centrifuging. 

0 0.5 1.0 1.6 2.0 2.5 3.0 3.5 
Hours. 

Fig. 1.-Sedimentation of egg albumin at 4.7 PH. 

Table I1 contains typical data describing a centrifuge run. It refers t o  
a 1.0% solution of egg albumin 0.0102 N with respect to  hydrochloric acid 
and gives results from one of the three plates used in calculating the s-value 
for this solution. 

TABLE I1 

SPECIFIC SEDIMENTATION VELOCITY OF EGG ALBUMIN IN 0.01 N HYDROCHLORIC ACID 

Egg albumin concn., 1 g. per 100 cc.; KC1 concn., 0.0102 N; PH of solution, 2.44; 
T, 303.1°K; length of column, 1.39 cm.; thickness of column, 0.20 cm.; Imperial 
Process plates; short ultraviolet illumination (290-240 mp region isolated from the mer- 
cury arc by gaseous chlorine and bromine filters); exposure time, 20 sec.; Eclipse metol- 
hydroquinone developer, 2 min. 

Centrifugal Sp. sedimentation 
Time interval, Ax, Xmed., Speed, force velocity, saoo 

hr. cm. cm. r. p. m. w2x cm./sec. 

0.5-1.0 0.044 4.625 41,880 8.90 X lo7 2.81 X 10-la 
1.0-1.5 .048 4.671 41,780 8.94 2.98 
1.5-2.0 .044 4.717 41,650 8.98 2.69 
2.0-2.5 .046 4.762 41,380 8.94 2.81 
2.5-3.0 .048 4.809 41,370 9.03 2.89 
3.0-4.0 .I02 4.884 41,280 9.13 3.03 

Mean s = 2.87 X 10-13 

Table I11 gives the values for the sedimentation constant obtained in the 
isoelectric region of the protein. In common with the findings on the 
majority of the proteins thus far studied, the addition of salts or buffer 
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solutions of the same PH as the isoelectric point of the protein does not 
affect the molecular condition of the protein, as evidenced by the constancy 
of the sedimentation velocity. Furthermore, the mean value obtained for 
the sedimentation constant, 4.06 X 10-l3 cm./sec., is nearly the same as the 
s-value for Bence- Jones protein.14 Reduced to the same temperature, 20°, 
the sedimentation constant of egg albumin is 3.25 X 10-Is  cm./sec., while 
that for Bence-Jones protein is 3.55 X 10-l8 cm./sec. 

Mean 
PH of Speed, centrifugal 

Solvent soln. r. p. m. force 

Water 4.67 41,800 9.61 X lo7 
Water 4.67 41,430 9.04 
0.02 N acetate buffer 4.70 41,370 9.63 
0.017 N acetate buffer 4.70 41,900 9.16 
0.7% NaCl 4.73 41,290 9.12 

Mean s 

Sp. sedimentation 
velocity SID* 
in cm./;ec. 
4.03 X 10-la 
3.94 
4.07 
4.12 
4.15 

= 4.06 X 10-la 

By the sedimentation-equilibrium method both proteins have been 
found to possess a molecular weight of approximately 34,500. Using the s- 
and M-values determined, respectively, by the sedimentation-velocity 
method and by the sedimentation-equilibrium, we may determine whether 
these proteins consist of spherical rnolec~les.~ The molar frictional con- 
stant calculated from the sedimentation velocity was found to agree closely 
with that calculated for a substance of molecular weight 35,000 and pos- 
sessing spherical molecules of the same specific volume as the two proteins. 
As mentioned in the article cited, the radius of the egg abumin molecule 
is 2.17 mp as compared with 2.18 mp for Bence-Jones protein. 

I n  a recent paper on the osmotic pressure of egg albumin, Marrack and 
Hewitt16 determined the molecular weight of egg albumin to  be 43,000 in 
salt solutions as compared with the present determination of 34,500 both 
in salt-containing and in salt-free solution. Unpublished data tend to sup- 
port their consideration that a small amount of impurity in constant 
amount might be formed in salt-containing solutions on standing. This 
small amount of material is perhaps the first step in the slight precipitation 
of denatured egg albumin that always occurs on standing. An electro- 
dialyzed, salt-free solution of egg albumin is relatively stable. In  the 
high-speed type of ultracentrifuge the whole experiment is completed in 
three or four hours after the addition of the salt or buffer, so there is much 
less chance for the formation of the approximately 5% of aggregated ma- 
terial required to give the average value of 43,000 found by the osmotic 
method that requires from one to two days to reach equilibrium. Under 

l4 Svedberg and Sjogren, Ref. 4, p. 3603. 
16 Marrack and Hewitt, Biochem. J.. 23, 1082 (1929). 
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conditions comparable to the osmotic method, however (e. g., in the sedi- 
mentation-equilibrium method a t  ordinary temperatures, which requires 
two days of centrifuging), a change in the egg albumin frequently occurs, 
causing an increase in light absorption and the appearance of a small 
amobnt of aggregated material at room temperature. 

As the isoelectric region is left, the sedimentation velocity seems t o  be 
derreased slightly more than the experimental error would accoi~nt for. 

Solvent 

Sp. sediment. 
PH of velocity 

solution s in cm./sec. S/SO 

0.34 N acetate buffer 3.53 3.59 X 10-la 0 .89  
0.017 M double phosphate buffer 7 . 4  3.57 X 10-13 .885 

Table IV shows the possible slight depressing effect occurring in an  egg 
albumin solution buffered a t  a PH of 3.53 with 0.34 N acetate buffer and in 
a solution buffered a t  a PH of 7.4 with 0.017 M primary-secondary phos- 
phate buffer. The normal sedimentation velocity, so, has been reduced 
by nearly the same ratio, respectively, 0.89 and 0.885, in each case. 

Table V gives evidence from the sedimentation equilibrum of 3.59 PH egg 
albumin in 0.2 N acetate buffer, that the possible slight depression of the 
s-value in moderately acid egg albumin is not due to a slight Donnan effect 
since the buffer concentration is actually lower for the sedimentation- 
equilibrium run than for the sedimentation-velocity run. The value for the 
molecular weight is normal; therefore, it follows that the depression of the 
s-value did not arise from an electrical effect produced by a partial separa- 
tion of charges in the centrifuge. 

TABLE V 
SEDIMENTATION EQU~LIBRIUM OF 3.59 PH EGG ALBUMIN IN 0.2 N ACETATE BUFFER 

Concentration, 0.97 g./100 cc.; speed, 10,900 r. p. m. (w = 363.3~)  ; mean centrifugal 
force, 5.84 X lo6 dynes; length of column, 0.53 cm.; V = 0.749 at 18O; T = 291°; 
density of solution, 1.0019; exposure times 29, 36.5, 41.5 hours after the start; lengths 
of exposure, 20, 40, 80 and 160 seconds; Imperial Eclipse Plates, met01 developer, 3 
minutes' development 

Distances, Cm. Mean concn. % Number of 
xz m cz h exposures M 

4.68 4.63 1.555 1.397 8 34,800 
4.63 4.58 1.397 1.266 7 32,200 
4.58 4.53 1.266 1.144 7 33,750 
4.53 4.48 1.144 1.041 9 31,600 
4.48 4.43 1.041 0.943 7 33,500 
4.43 4.38 0.943 .849 8 35,750 
4.38 4.33 .849 .772 8 33,100 
4.33 4.28 .772 .701 8 33,950 
4.28 4.23 .701 .635 7 35,000 

Mean 33.740 
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Repression of Donnan Effect.-If we add acid or alkali to a salt-free 
protein and subject the solution to a high centrifugal force, a partial 
separation is produced of the large protein ion from the small inorganic 
ions of opposite sign. An electrical potential acting in opposition to the 
centrifugal potential is thereby set up similar in character to the Donnan 
membrane potential. In the simplest case-no foreign ions present- 
which we very likely approximate for unbuffered solutions, the effect of the 
electrical potential is to reduce the true value of the molecular weight by 
the factor16 (n + 1) or 

where n is the mean valence of the protein ion. Thus i t  is possible to gain 
some information about the mean valence of a protein by first centrifuging 
in unbuffered acid or alkaline solution and then centrifuging another sample 
to which has been added sufficient electrolyte to repress the electrical po- 
tential to a negligible value. The latter determination is made chiefly for 
the purpose of showing that no actual change has occurred in the molecular 
weight at the given PH value. 

I n  order to give some idea of the action of the Donnan effect on the 
diffusion constant as well as on the sedimentation constant, the values of 
D as well as those of s are given in Table VI. It is evident that the elec- 
trical effect produced by the separation of the ions has a much greater effect 
on the diffusion constant than it has on the sedimentation constant. The 
values of D given in the table should be considered only apparent as men- 
tioned earlier, but they a t  least illustrate the action of the Donnan effect. 
No attempt has been made to calculate the valence of the protein ion from 
the changes produced in the D and the s-values by the free acid or alkali 
because relatively minute quantities of decomposition products largely re- 
press the true Donnan effect. For the 0.01 N HC1 solution, the amount 
of free acid present amounts to approximately 36% of that added, thus 

REPRESSION OF DONNAN EFFECT 

Apparent Sedimentation 
PH of diffusion constant, constant, saoo 

Expt. Solvent solution Daoo, sq. cm. /day cm./sec. 

1 0.001 N HCI 3 94 0.111 3 19 x 10-l3 
2 0.34 N acetate buffer 3 53 ,061 3 59" 
3 0.01 N HC1 2.44 ,103 2 86 
4 O . O l N H C l + O 7 % N a C l  2.68 ,069 4 01 
5 0.001 N NaOH 5.13 .I44 2 85 
6 0.1 N acetate buffer 5.44 ,061 3 96 

" s depressed by hydration, possibly. 

l6 Svedberg, Kolloid-2. (Erganzungsband) 36, 63, 64 (1925); Nichols, "Sixth Col- 
loid Symposium," 1928, p. 298. 
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accounting for the extremely small change from 0.001 N HC1 solutions to 
0.01 N HCl solutions. The apparently greater effect in alkaline solution is 
in line with the higher asmotic pressure found by Loeb17 on the alkaline side 
of the isoelectric point as compared with that on the acid side. 

Figure 2 represents the variation of the sedimentation constant with PH 

for unbuffered solutions compared with the variation in osmotic pressure 
over the same range fnand by Loeb.17 The agreement of maxima and 
minima is fairly good. On the acid side of the isoelectric point the maxi- 
mum osmotic pressure occurs a t  a PH of 3.4. It probably agrees within 
experimental error with the minimum sedimentation constant which occurs 

PH. 
Fig. 2:-Dontian effect on sedimentation velocity of egg albumin. 

a t  a PH of 3.0 approximately; the minimum osmotic pressure in the iso- 
electric region appears to be a t  a slightly higher PH than the maximum sedi- 
mentation constant, which occurs a t  a PH of 4.65, corresponding closely to  
Tiselius' value of 4.6 from cataphoresis measurements. The significance 
of the rapid increase of the sedimentation constant below a PH of 2 will be 
explained further on. It should also be noticed that both the s-values 
and the osmotic pressures experience a greater change on the alkaline side 
than on the acid side. 

Figure 3 shows the variation of the sedimentation constant with PH for 
buffered and unbuffered solutions of egg albumin. The s-value for buf- 
fered solutions as drawn appears to be nearly constant over a considerable 

l7 J. Loeb, "Proteins and the Theory of Colloidal Behavior," McGraw-Hill Book 
Co., New York, 1st ed., 1922, p. 75, Fig. 18 and p. 118, Fig. 39. 
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range but may decrease slightly (possibly owing to hydration if this de- 
crease is subsequently verified) on the acid side of the isoelectric point, 
return to the normal value found for the isoelectric region at  a PH of about 
2.4 and then join the upward arm of the unbuffered curve at  some point; 
that is, denaturation may be taking place to an increasing extent from a 
PH of 2.5 down. 

Acid-Denaturation.-When the egg albumin is made still more acid, 
0.102 N HCl solution, PH 1.16, it is evident (Fig. 3) that a profound change 
occurs. In a solution of 0.1 N HCl the protein grows more and more vis- 
cous on standing and the opalescence increases as well. A 4.0% solution 

PH. 
Fig. 3.-Repression of Donnan effect on sedimentation velocity of egg 

albumin by addition of salts. 

of egg albumin sets in a few hours to a stiff gel. In a 1.0% solution the 
viscosity at 30' increases from 0.00853 to 0.01057 in eleven hours. The 
solution centrifuged was considered to have an age of three hours or a vis- 
cosity of 0.00908 at  30'. 

The extreme difference in character of the concentration curves for the 
egg albumin in 0.1 N HC1 solution from those obtained for egg albumin in 
isoelectric buffer is shown in Fig. 4. The time interval between successive 
curves was half an hour in each case and the experimental conditions were 
practically the same for the two solutions. There was some increase in 
light absorption in the highly acid protein and about 10% of uncentrifugible 
material was present. The rapid sedimentation indicates a rather large 
increase in size of the effective particle, yielding a rough s-value of 14.0 X 
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10-l3 cm./sec. as compared with the normal value of 4.0 X lo-" for a 
molecular weight of 34,500. The protein has evidently been denatured by 
the strong acid and has aggregated to gel clumps. Any Donnan effect 
may be neglected on account of the large excess of hydrochloric acid present. 
Diffusion should also be small enough to be neglected after incipient gelling 
has set in because of the increase in size of the effective particle, the increase 
in the gross and the structural viscosity and the relative inaccuracy of the 
calculations on a changing system. 

0 0.25 0.50 75 1.00 1.25 2 0 0.25 0.50 0.75 1.0 
Distance from meniscus, cm. Distance from meniscus, cm. 

1% Egg albumin in 0.1N HC1 PH 1.16. 1% Egg albumin in 4.7 PH 
acetate buffer. 

Fig. 4.Sedimentation curves of acid-denatured and isoelectric egg albumin. 

The distribution curve calculated for the run is given in Fig. 5 for the 
exposures taken after 60, 90, 120 and 150 minutes of centrifuging. The 
gradual shift of the points obtained from the successive exposures in the 
direction of larger radii indicates that the system was changing throughout 
the whole period. Another possible source of error in the calculation of 
the distribution curve lies in the assumption of a constant light absorption 
over the range of sizes of particles present. The distribution curve cor- 
responding to thirty minutes of centrifuging is dotted in to indicate that it 
is far from correct since the limit of the smaller particles comes at such a 
small radius. I t  is probable that diffusion was still playing some part a t  
this stage of the gelling and thus that the system was changing the most 
rapidly during the first hour. The number of molecules per particle is 
also plotted to give an idea of the range of "moleculesJJ present in the gel 
clumps formed of the denatured egg albumin. 

Thus we see that egg albumin is moderately stable until fairly high acid- 
ities and alkalinities are reached and exhibits a strong Donnan effect in the 
intermediate acidity and alkalinity range if the ionization of the protein 
is allowed to exert its maximum effect in unbuffered solutions. 

A careful investigation of the behavior of egg albumin in the region of 
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high acidities should throw much light on the acid-denaturation of proteins 
and on gelling phenomena. Similarly, a study of the conditions a t  high 
alkalinities will prove of interest because no information has been gained by 
osmotic methods in this region on account of the action of strong alkali 
on the membranes. 

2 4 6 
Radius in millimicrons. 

1 2  3 4 6 8 1012141618 
Number of molecules per particle. 

Fig. 5.-Distribution curve for egg albumin in 0.1N HCl 

The expenses connected with these experiments have been defrayed by 
grants from the Nobel Fund of Chemistry and from the foundation "Ther- 
ese och Johan Anderssons Minne." 

Summary 
1. Crystallized, electrodialyzed egg albumin has a sedimentation con- 

stant of 4.06 X 10-l3 cm./sec. a t  30' but the diffusion constant is abnormal, 
approximately six-tenths of the required value on the basis of the sedi- 
mentation constant and the molecular weight. 

2. The molecule is spherical and has a radius of 2.17 mp; i t  is practi- 
cally identical in size and mass with that of Bence- Jones protein, although 
entirely different in chemical composition. 

3. The depression of the sedimentation constant arising from the Don- 
nan effect in unbuffered solutions on either side of the isoelectric point of 
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egg albumin has been investigated; the maximum depression occurs in 
the neighborhood of 3.0 PH. 

4. At a PH of 1.16 in 0.1 N hydrochloric acid, egg albumin is completely 
denatured and gradually forms a gel showing a distribution curve of gel 
clumps; the mean size corresponds to about seven molecules per particle 
after three hours. 

WILMINGTON, DELAWARE 

[CONTRIBUTION FROSI THE LABORATORY OF PHYSICAL CHEMISTRY OF THE UNIVERSITY 

OF UPSALA] 

THE PH-STABILITY REGION OF EGG ALBUMIN 
BY BERTIL SJOGREN AND THE SVEDBERG 

RECEIVED JULY 5, 1930 PUBLISHED DECEMBER 18, 1930 

An ultracentrifugal study of the molecular weight of egg albumin in 
electrolyte-free condition near its isoelectric point was carried out by Sved- 
berg and Nichols in 1926.' This protein when properly purified was found 
to be homogeneous with regard to molecular weight. The value arrived at, 
34,500 =t 1000, is in good agreement with the result of Sfirensen's osmotic 
measurements, viz., 34,000.2 In  1927 Nichols made a series of determina- 
tions of the molecular weight and the sedimentation constant of egg al- 
bumin in the presence of electrolytes within the PH region 1.2-7.4.3 His 
measurements showed that egg albumin is probably stable from PH 3 to 7. 
The value of the sedimentation constant arrived a t  was 4.06 X 10-l3 a t  30°, 
which corresponds to 3.31 X 10-13 a t  20'. In acid solution (PH 1.16) this 
protein was found to be completely denatured, gradually forming a gel and 
showing a distribution curve of gel clumps, the mean size of which corre- 
sponded to about seven molecules per particle after three hours. 

Since the time when Nichols' determinations were carried out, the ultra- 
centrifugal technique has been further developed and i t  was, therefore, 
considered of importance to supplement his measurements by a new and 
more detailed study of the behavior of egg albumin within a wider PH range. 

Preparation of Material and Light Absorption 
The egg albumin was prepared according to Sorensen's method2 with 

some slight modifications. The material was crystallized three times, the 
isoelectric state of the crystallizing liquid being checked directly by means 
of PH determinations. The crystals were dissolved in water, dialyzed in 
the ice box against water and finally electrodialyzed; concentration of 
stock solution 5.25%. At the time when the determinations were made the 
material was about three months old. 

T. Svedberg and J. B. Nichols, THIS JOURNAL, 48, 3081 (1926). 
S. P. L. S$rensen, Medd.  Carlsberg Lab., 12,348 (1917). 

3 J. B. Nichols, THIS JOURNAL, 52, 5176 (1930). 
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Some measurements were also carried out on a similar material which 
had been kept in the ice box for sixteen months. 

The former material did not show any decomposition when submitted to 
the ultracentrifugal analysis, whereas the latter substance was found to be 
decomposed to a considerable extent. 

The light absorption of solutions of egg albumin at  three different hy- 
drogen-ion concentrations was measured by means of the Judd-Lewis 

LIGHT ABSORPTION OF SOLUTIONS OF EGG ALBUMIN 

Wave Wave 
Solvent PH of length of length of r/c e/c- 

M M soln. max. mp mm. mp at max. a t  man. 

HCI 0.007 KC1 0.093 ,2 .2  279 253 8.5 5.0 
KHIPOd .095 Na2HP04 ,005 6 . 5  280 255 5.7 2.7 
NazHPO, .026 NaOH .OX4 11.2 280 254 10.8 5.6 

spectrophotometer as described in previous communications. The thick- 
ness of layer was 2.0 cm. in all measurements and the protein concentration 
0.10% a t  PH 2.2 and 5.5 but 0.05% a t  PH 11.2. In Table I the position of 

the maximum and the minimum 
15 of absorption and the values of the 

extinction coe5cients for the maxi- 
mum and the minimum are re- 
corded. Fig. 1 gives the absorp- 
tion curves. 

10 As seen from the table the posi- 
tion of the maximum and the mini- 
mum does not change with PH. 

3 The value of the extinction coeffi- 
cient, however, is much higher in 
the acid and alkaline solutions than 

5 in the solution of PH 5.5. The 

ir" 
ultracentrifugal analysis described 
below gives the result that at  PH 
values lower than 4 and higher 
than 9 some of the egg albumin A molecules are broken up into a non 

400 300 200 
centrifugible substance. The in- 

Wave length, mp. crease in light absorption is prob- 

Fig. 1. ably due to the presence of this de- 
composition product. 

Determination of the PH-Stability Region.-A number of sedimenta- 
tion velocity runs were made in the oil-turbine ultracentrifuge as described 
in previous communications. The speed was 40,000-45,000 r. p. m., the 
temperature in the solution 20-23' and the time of centrifuging three to 
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five hours, The solutions studied were brought to the desired PH im- 
mediately before starting the run. In Table I1 and Fig. 2 the results 
are summarized. 

TABLE IT 
EGG ALBUMIN, SEDIMENTATION VELOCITY MEASUREMENTS 

Solvent PR of Concn of s z o ~  X 1015 Non-centrifug- 
M M soln. protein. % cm./sec. ible products. % 

HCl 0.095 KC1 0.005 1 .1  0.25 6.60 55 
HC1 .046 KC1 .054 1.4 .20 5.20 35 
HCI .007 KC1 ,093 2.15 .20 3.98 10 
H Ac ,017 NaAc ,003 3.80 .20 3.65 0 
H Ac .O1 NaAc .O1 4.61 .18 3.43 0 
KH2PO~ ,095 Na2HPO4 ,005 5.5 .20 3 39 0 
KHzPO, .095 NasHPOd .005 5.5 .45 3.61 0 
KHZPO~ ,095 NazHPO, .005 5.5 .45 3.53 0 
KHzPO, .03 NazHP04 .03 6.74 .15 3.59 0 
KH2P04 .03 Na2HPO4 .03 6.74 .15 3.67 0 
KHzP04 .005 Na2HP04 .062 7.76 .18 3.37 0 
NaOHa .0007 NaaHPO4 .03 8.67 .20 3.66 0 
NaOHa .001 Na2HP04 .032 9.16 .20 3.77 0 
NaOHa .005 NazHPOd .03 10.28 .12 3.39 20 
NaOHa ,014 NazHPO4 .026 11.16 .12 3.45 25 
NaOHa .017 NazHPO4 .05 11.32 .ll 3.31 30 
NaOHa .036 NazHP04 .O1 12.46 .07 2.91 40 
NaOHa .05 12.63 .05 2.03 50 

" 1% in NaC1 

The sedimentation constant is independent of PH within the range 3 t o  
11 with a mean value of 3.54 X 10-l3 at 20°, which is slightly higher than 

PH . 
Fig. 2. 

the value 3.31 X 10-lS calculated from Nichols' determination a t  30°. 
Downward from a PH of 4 and upward f r ~ m  a PH of 9 the egg albumin 
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molecules begin to dissociate into low-molecular decomposition products. 
The stability region is, therefore, somewhat smaller than the range within 
which normal molecules still exist. At high acidities the sedimentation 
rises rapidly owing to the formation of condensation products as already 
observed by Nichols. At high alkalinities the sedimentation drops, indi- 
cating the breaking up of the protein molecule. 

I n  order to ascertain whether the centrifugible part of the material was 
homogeneous with regard to molecular weight a t  the ends of the PH- 
stability range, two sedimentation equilibrium runs were made a t  PH 4.0 
and 9.2. In Table I11 the result is recorded. 

TABLE I11 
EGG ALBUMIN, SEDIMENTATION EQUILIBRIUM MEASUREMENTS 

Solvent P H of soln. Molecular weight 

0.016 M in HAc 4.0 33,800, no drift in the values with distance from cen- 
.004 M in NaAc ter of rotation 
.032 M in NazHP04 9 . 2  34,600, no drift 
.001 M in NaOH 

1% in NaCl 

A sedimentation equilibrium run performed by Nichols a t  a PH of 3.59 
gave the value 33,700 for the molecular weight and likewise no drift with 
distance from center of rotation. It is obvious, therefore, that the centrifu- 
gible material is quite homogeneous a t  the ends of the stability region. 

The homogeneity of a sample of egg albumin which had been kept in 
electrolyte-free solution with toluene as a preservative for sixteen months 
in the ice box was tested a t  a PH of 5.5 in a sedimentation velocity run and a 
sedimentation equilibrium run.. The sedimentation constant had increased 
to about 4 X lopL3 cm./sec. The molecular weight showed strong drift 
with distance from the center of rotation, the values ranging from 18,100 to 
52,000. From these measurements i t  follows that egg albumin undergoes 
decomposition and aggregation with time. The same material when new 
had given a sedimentation constant of 3.4 X 10-l3 cm./sec. (0. Lamm). 

Discussion of Results 
It is of interest to compare the ultracentrifugal behavior of egg albumin 

with that of Bence-Jones protein using the new value for the sedimentation 
constant recorded above. As already pointed out by the present authors 
in a previous comm~nication,~ egg albumin and Bence-Jones protein are 
closely related with regard to molecular weight, sedimentation constant s, 
molar frictional constant f and molecular radius r, the said constants being 
identical within the limits of experimental error. In  Table IV the values of 
these constants are recorded, the new s-value for egg albumin being used 
for the calculation; f, denotes the value of the molar frictional constant to 
be expected for a spherical molecule of the same density. 

T. Svedberg and B. Sjogrcn, THIS JOURNAL, 51, 3594 (1929). 
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MOLECULAR CONSTANTS FOR EGG ALBUMIN AND BENCE-JONES PROTEIN ( 2 0 ~ )  
Protein Mol wt. s x 1013 j~ 10 Ifi f v  X lo-1r Y ,  rn* 

Egg albumin 34,500 3.54 2.47 2 47 2.17 
Bence- Jones protein 35,000 3 55 2.48 2 49 2.13 

The coincidences borne out by Table IV  are even closer than could be 
expected when taking into account the probabie experimentai errors of the 
data. The PH-stability regions of egg albumin and Bence-Jones protein 
are similar but show some distinct differences. Egg albumin has a some- 
what wider stability range than Bence- Jones protein, the stability extend- 
ing further into the acid as well as into the alkaline regions. The  acid 
decomposition of Bence- Jones protein consists in the splitting-up of some of 
the molecules into a non-centrifugible substance, leaving some molecules 
intact, while the decomposition of egg albumin in acid solution is accom- 
panied by the formation of a highly aggregated and rapidly sedimenting 
substance. In  electrochemical respect egg albumin and Bence-Jones 
protein are quite different, the former having its isoelectric point a t  PH 4.6 
and the latter a t  5.2 according to recent determinations by A. Tiselius. 
The two proteins, although not separable by centrifuging, may easily be 
separated by means of cataphoresis. 

The expenses connected with these experiments have been defrayed by a 
grant from the foundation "Therese och Johan Anderssons Minne." 

Summary 

1. The ultracentrifugal methods have been applied to the study of the 
PH-stability region of egg albumin. 

2. In  the PH-range 4-9 the protein is stable and homogeneous with 
regard to molecular weight. The mean value 34,200 is in good agreement 
with the previous determination by Svedberg and Nichols, viz., 34,500. 

3. Below PH 4 and above 9 some of the molecules are split up into a non- 
centrifugible substance. The sedimentation constant of the centrifugible 
material is independent of PH within the range 3-11 with a mean value of 
3.54 X 10-l3 a t  20°. The molar frictional constant is 2.47 X 1016 a t  20°, 
which value is identical with the molar frictional constant calculated for a 
spherical molecule of the same molecular mass and density. The  egg 
albumin molecule, therefore, is spherical and has a radius of 2.17 mp. 

4. At PH values lower than 3, the sedimentation increases, indicating 
the formation of aggregates of denatured protein; at PH values higher than  
9 the sedimentation decreases, indicating the breaking up of the  whole 
material. Both the acid and the alkaline decomposition is accompanied 
by an increase in the light absorption. 

5. A comparison of egg albumin and Bence-Jones protein using the new 
value of the sedimentation constant for egg albumin shows a still closer 
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agreement than was formerly found for the molecular constants of these 
proteins. 

UPSALA, SWEDEN 

THE HYDROGENATION OF ACETOACETIC ESTER AND CERTAIN 
OF ITS DERIVATIVES OVER NICKEL 

The hydrogenation of acetoacetic ester in the liquid phase with a nickel 
catalyst has apparently not previously been investigated although Sabatier 
and Mailhe1 obtained ethyl butyrate, acetone, isopropyl alcohol, pro- 
pionic and dehydroacetic acids in a vapor phase reduction over nickel. 
The methods used in the present investigation were essentially the same 
as those previously de~cribed.~ 

Acetoacetic ester absorbed one mole equivalent of hydrogen when re- . 

duced over a nickel catalyst. There were produced small quantities 
of alcohol and dehydroacetic acid, two parts of ethyl 8-hydroxybutyrate 
and one part of a derivative of this ester, ethyl /3~(flt-hydroxybutyryloxy)- 
butyrate, CH3CHOHCH&!02CH(CHa)CH2COOGHei. The ratio of the 
mono-ester (I) to the di-ester (11) when the reduction was carried out in 
various solvents is as indicated: no solvent 67% I, 33% 11; in ethanol 
100% I ;  in diethyl ether 68% I, 32% 11; in methylcyclohexane 68% I, 
32% 11; in ethyl /3-hydroxybutyrate 69% I, 31% 11; in tert.-butyl alcohol 
83% I, 17% 11; in n-butanol66% I and 34% n-butyl /3-hydroxybutyrate, 
b. p. 96-97 (13 mm.). Ethyl a-methylacetoacetate upon reduction gave 
a mono- and di-ester (ethyl a-methyl-/3-(a'-methyl-/3'-hydroxybut~y)- 
butyrate), in the ratio of approximately two parts by weight of the latter 
to five parts of ethyl a-methyl-/3-hydroxybutyrate. However, the dialkyl 
substituted derivatives of acetoacetic ester, ethyl a,a-dimethylacetoacetate 
and ethyl a-methyl-a-ethylacetoacetate, gave quantitative reduction to 
the corresponding a,a-dialkyl-8-hydroxybutyric ester. The formation 
of the di-esters may be avoided by the use of ethanol, for a quantitative 
yield of ethyl a-methyl-/3-hydroxybutyrate was obtained by reducing ethyl 
a-methylacetoacetate in that solvent. 

The salient facts seem to be: (1) the two beta ketonic esters capable 
of enolization upon hydrogenation in the absence of a solvent or in the 
presence of the ethyl-8-hydroxybutyrate or of ether or methylcyclohexane 
gave large amounts of di-esters along with the simple hydroxy ester. 

Sabatier and Mailhe, Bull. sac. chim., 141 3,232 (1908). 
2 Adkins and Cramer, THIS JOURNAL, 52,4349 (1930). 
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(2) The amount of the di-ester was less if tertiary butyl alcohol was used 
as a solvent and was negligible in the product from the hydrogenations 
carried on in ethyl or n-butyl alcohols. (3) The two keto esters incapable 
of enolization were hydrogenated quantitatively even without a solvent to 
the corresponding simple hydroxy esters. 

The effect of the alcohols in decreasing the yield of di-ester was not 
due to the a!coholysis cf the di-ester after it was foraed, for the alcoholysis 
of the di-ester was very difficult and did not occur under the conditions 
in which the alcohols were effective. For example, ethyl @- (@'-hydroxy- 
butyry1oxy)-butyrate did not undergo alcoholysis with ethanol upon 
being heated for three hours at  150' in the reduction apparatus. Only 
30% of it was converted to ethyl P-hydroxybutyrate after six and one-half 
hours at 190'. The resistance of this ester to alcoholysis is further shown 
by the fact that there was no alcoholysis of the di-ester after i t  had been 
refluxed with an ethanol solution of sodium ethoxide for two and one- 
half hours. 

The effectiveness of the alcohols in inhibiting the formation of the 
di-ester is understandable upon the hypothesis of Arndt and Nachtwey3 

with regard to the formation of dehydroacetic acid from acetoacetic ester. 
They suggested that two reactions are involved. The first of these was 
supposed to be reversible since removal of ethyl alcohol permitted the 
formation of dehydroacetic acid, while the second was supposed to be an 
irreversible reaction, since boiling alcohol did not convert dehydroacetic 
acid into acetoacetic ester. (It will be shown later that the latter is also 
a reversible reaction.) These authors suggest that the mechanism of 
the formation of dehydroacetic acid may be as shown in Reactions I and I1 
CHIC(O)CH~COOE~ + HOC(CH3)=CHCOOEt F2 

CH3C(O)CH,C(O)OC(CHa)=CHCOOEt + EtOH (I) 
CHsC(0) CHzC(O)OC(CHa)=CHCOOEt --+ 

CH3C(O)CHC(O)OC(CH3)=CHC=O + EtOH (11) 

The formation of ethyl 8-(8'-hydroxybutyry1oxy)-butyrate in the re- 
duction of acetoacetic ester substantiates the mechanism postulated by 
Arndt and Nachtwey, since it is the reduction product of the intermediate 
indicated in the formation of dehydroacetic acid from acetoacetic ester. 
The presence of ethanol would shift the lirst reaction to the right and 
thus greatly decrease the amount of CH3C(O)CH2C(O)OC(CHs)=CH- 
COOEt and consequently of the di-ester formed from it by hydrogena- 
tion. n-Butanol would behave similarly since there is little difference 
among the primary alcohols in the concentration at equilibrium in similar 
reactions such as ester and acetal formation. Tertiary butyl alcohol would 
be expected to be much less effective in shifting the equilibrium toward 
the left since it is so little active in ester and acetal formation. 

Arndt and Nachtwey, Ber., 57B, 1489 (1924). 
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The rate of reduction of acetoacetic ester in methylcyclohexane or ether 
was three times as great as in the absence of a solvent; in fact pure aceto- 
acetic ester reduced much more slowly a t  150° than it did in the presence 
of these solvents at  125'. The rate of reduction of an alcoholic solution 
of the ester was intermediate between that of the pure ester and that 
in a methylclohexane solution. 

The formation of 1 or 2% of dehydroacetic acid in the reduction of aceto- 
acetic ester and the possible relationship of the di-ester obtained to an 
intermediate in the formation of dehydroacetic acid led to an investi- 
gation of the hydrogenation of the latter compound. Dehydroacetic 
acid was not readily reduced, as from two to five applications of catalyst 
were necessary in each run before the maximum absorption of hydrogen 
was obtained. The temperature of reduction was 185-190° and the 
pressures were from 108 to 325 atmospheres, the reduction going approxi- 
mately four times as rapidly a t  the highest as a t  the lowest pre~sure .~ 
At pressures of about 130 atmospheres three moles of hydrogen per mole 
of dehydroacetic acid were absorbed, but a t  a pressure of about 325 atmos- 
pheres, five moles of hydrogen were taken up. Methylcyclohexane was 
used as a solvent for the reduction. It was found that when ethanol 
was used as a solvent, no reduction occurred, but heating with or with- 
out nickel at 190' for two hours gave 70% conversion of dehydroacetic 
acid to ethyl acetoacetate, the remainder of the acid being recovered 
unchanged. 

The chief product obtained in the hydrogenation of dehydroacetic 
acid was heptanone-4, the yield being 40 to 45y0 under the optimum 
conditions. The formation of this ketone must involve the removal of 
oxygen and decarboxylation as well as hydrogenation, e. g. 

0 
/I 

The water formed in the removal of the oxygen would hydrolyze dehy- 
droacetic acid6 and the products under reducing conditions would pre- 
sumably give acetone, acetic acid and isopropyl and ethyl alcohols. These 
alcohols would in turn bring about the formation of acetoacetic ester 
through the alcoholysis of dehydroacetic acid. These compounds except 
acetic acid were all found among the reduction products of dehydro- 
acetic acid. 

Adkins, Cramer and Connor, unpublished work 
Collie, J. Chem. Soc., 59, 179 (1891). 
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It is noteworthy that in the hydrogenation of dehydroacetic acid in 
methylcyclohexane and in the attempted hydrogenation in ethanol, there 
were formed compounds (acetone, heptanone-4 and acetoacetic ester) 
which are readily hydrogenated under the conditions of temperature 
and pressure at which they were formed. This is not due to  the action 
of dehydroacetic acid, for acetoacetic ester in a mixture of i t  with dehy- 
droacetic acid was readily hydrogenated bnt the acetoacetic ester pro- 
duced by the dehydrogenation of the dehydroacetic acid was not reduced. 
This was indicated by the hydrogen absorption and by the evidence for 
acetoacetic ester in the reaction product. 

Experimental Part 
A summary of typical results obtained in the reduction of acetoacetic 

ester and some of its derivatives is given below. There is given in 

TABLE I 

REDUCTION OF VARIOUS DERIVATIVES OF ACETOACETIC ESTER 

Catalyst 
No. Compound Moles Moles Hz G. No. (portions) 

1 Acetoacetic ester 0.39 0.39 2 lRAC 
2 Acetoacetic ester .39 .40 2 lRAC 
3 Acetoacetic ester 39 .43 2 lRAC 
4 a-Methylacetoacetic ester .35 .37 2 4RAC 
5 a-Methylacetoacetic ester 1.04 1.06 4 5RAC 
6 a-Methyl-a-ethylacetoacetic ester 0.28 0 32 2 3KF 
7 a,m-Dimethylacetoacetic ester .62 .64 3 4KF 
8 Dehydroacetic acid .30 . .  20 lRAC(5) 
9 Dehydroacetic acid 3.0 .90 11 lRAC (3) 

10 Dehydroacetic acid .30 1.48 11 5RAC (3) 
11 Dehydroacetic acid .12 0 None or 3glRAC 
12 Dehydroacetic acid .21 1 0  4 5RAC 

Press., Time, 
No. M1. Solvent Temp., O C .  Atm. Hours Yield, % 
1 None 125 94 * 11 4.5 B67 mono-ester 

B33 di-ester 
2 50 EtOH 125 89 * 15 2.5 BlOO mono-ester 
3 50 C7H14 125 103 * 14 1 .5  B68 mono-ester 

B32 di-ester 
4 50 EtOH 150 110 *7 0.75 A85, BlOO mono-ester 
5 None 175 160*24 9 A52, B70 mono-ester 

A19, B26 di-ester 
6 None 175 150*10 3 BlOO mono-ester 
7 None 185 150+10 2 BlOO mono-ester 
8 100 CTHI~  185 132*16 21 See exptl. part 
9 100 C7Hu 185 174 * 18' 10.5 See exptl. part 

10 100 C7H14 185-190 332*41 8 .5  See exptl. part 
11 50 EtOH 190 165 2 C70 acetoacetic acid 

C30 dehydroacetic acid 
12 0.42 moles of 

acetoacetic ester 190 132*28 3 See exptl. part 
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order, the name and amount in moles of the compound reduced, the moles 
of hydrogen absorbed, the weight and number of the catalyst according 
to our records, the volume and name of solvent when one was used, the 
temperature, pressure and time for reduction after reaching the desig- 
nated temperature, the name and yield of product(s). The yields marked 
"A" are those actually obtained while in those marked "B" allowance 
is made for the mechanical losses in handling the materials during reduc- 
tion and filtration, and in "G" for mechanical losses and for the amount 
of the starting material recovered unchanged. 

The product from 50 g. of acetoacetic ester after separation of the nickel catalyst in 
a typical experiment weighed 45 g. I t  gave no coloration with a ferric chloride solution 
and upon fractionation through a 20-cm. Widmer column gave two main fractions: 
28 g. 77-79" (15 mm.) and 13 g. 154-156" (15 mm.). The remainder (4 g.) distilled 
below, between and-above these fractions. The part distilling below the two main frac- 
tions was identified as ethanol through the formation of its 3,5-dinitrobenzoate. The 
part distilling above the two main fractions contained dehydroacetic acid, m. p. 110'. 
The fraction boiling a t  77-79' (15 mm.) was ethyl 8-hydroxyethylbutyrate. The frac- 
tion boiling at  154-156" (15 mm.) was identified as ethyl 8-(8'-hydroxybutyry1oxy)- 
butyrate on the basis of the following experimental findings. Upon saponification 
ethanol, identified as the 3,s-dinitrobenzoate, was formed. The acid so produced was 
a white rancid-smelling solid melting a t  73" and boiling a t  184" (740 mm.). I t  rapidly 
reduced cold alkaline permanganate solution, showed a neutral equivalent of 87, and 
gave a dibromide melting at  85-86.5 ". Crotonic acid melts at  72O, has a neutral equiva- 
lent of 86 and its dibromide melts at  87 O. The ester showed a saponification number of 
109.5 and 110.3, dig 1.0678, n2,6 1.4360, and a molecular refraction of 53.36 (MR'n). 
The calculated saponification number for the di-ester is 109 and the MR'D 53.39. 

AnaJ. Calcd. for CIOHI~O~: C, 55.05; H, 8.25. Found: C, 54.97; 54.70; H, 8.30, 
8.33. 

The ester showed no alcoholysis when 15 g. was boiled for two and one-half hours 
in 50 ml. of ethanol containing 6.8 g. of sodium ethoxide, nor when it was heated with 
ethanol alone for three hours at  150 O under a pressure of 130 atmospheres of hydrogen. 
However, 40% of it was converted to ethyl 8-hydroxybutyrate in six hours a t  190'. 
Butyl 6-hydroxybutyrate was identified on the basis of the facts that it showed a sa- 
ponification value of 157 and 160 (theoretical 160) and gave n-butanol, identified as the 
dinitrobenzoate, upon saponification. 

The fractionation of the products from the reduction of ethyl a-methylacetoacetate 
showed 1.4% ethanol, 70.5% ethyl or-methyl-8-hydroxybutyrate, b. p. 85-87" (22 rnrn.), 
26% ethyl oc-methyl-@-(oc'-methyl-~'-hydroxybutyryloxy)-butyrate, b. p. 155-158" 
(17 mm.), and 1.4% residue. The ethyl a-methyl-&(a1-methyl-8'-hydroxybutyry1oxy)- 
butyrate was characterized by a saponification number of 124.4 and 124.1 (calcd. 
123). 1.0332, n2,6 1.4393, MR'D 62.65 (calcd. 62.59). 

Anal. Calcd. for C I ~ H ~ ~ O K :  C, 58.53; H, 8.94. Found: C, 58.29, 58.49; H, 8.94, 
8.81. The acid corresponding to this ester has been prepared previously.6 

Dehydroacetic Acid.-In the runs made at  130 atmospheres three main fractions, 
besides the solvent, were obtained upon distilling the reduction product of dehydroacetic 
acid. The first of these comprised 23y0 of the recovered material and contained ethyl 

Wislicenus, Ber., 8, 1036 (1875); Rohrbeck, Ann., 188,229 (1877) ; cf. Skau and 
Saxton, THIS JOURNAL, 52, 335 (1930). 
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alcohol, acetone and water. The second was heptanone-4, b. p. 14&146O (735 mm.), 
and comprised 17.3% of the material recovered, while the third fraction was acetoacetic 
ester, b. p. 178" (735 mm.), and amounted to 29.8%. When the latter fraction was col- 
lected over a four degree range, 174178" (735 mm.), enough butyric acid was present 
after hydrolysis to obtain as derivatiyes, the anilide and the p-bromo-anilide. The 
30% of the material not included here represents the transition material between frac- 
tions, and about 7.6% of unreduced material. 

The fractionation of the products from the hydrogenation of dehydroacetic acid a t  
325 atmospheres gave amounts of compound boiling below 140" similar to those obtained 
in the hydrogenation a t  lower pressures but there was approximately two and one-half 
times as much heptanone-4 as under those conditions. There was less than half as 
much material boiling above the range of heptanone-4 with no evidence of the presence 
of acetoacetic ester. Unquestionably ethyl 8-hydroxybutyrate and probably ethyl 
8-(6'-hydroxybutyry1oxy)-butyrate were present in the high fractions but  the total 
amount (3 g.) was too small and impure to obtain crystalline derivatives. 

The presence of ethanol and of acetone among the reduction products of dehydro- 
acetic acid was demonstrated through the formation of the 3,5-dinitrobenzoate of the 
former and the dibenzal derivative of the latter. Heptanone-4 was characterized by 
its boiling point 145-146" and the melting point of its semicarbazone (133-134") and 
the melting point (133-134") of a mixture of this semicarbazone with some known semi- 
carbazone of this ketone. It was further characterized by reduction over nickel a t  175" 
and 160 atmospheres to heptanol-4, b. p. 152-154 (740 mm.), which gave a 3.5-dinitro- 
benzoate melting a t  64 " and an a-naphthylurethan melting at  79-80". 

Anal. Calcd. for ClaHszNOp: C, 75.52; H, 8.39. Found: C, 75.68, 75.58; H, 
8.34, 8.25. 

The fraction, b. p. 170-174" (740 mm.), was characterized as acetoacetic ester by its 
boiling range and its coloration with ferric chloride solution, by the formation of acetone 
and ethanol through alkaline hydrolysis. The fraction gave a vigorous reaction with 
phenylhydrazine but the reaction product was an oil which could not be purified. 

Dehydroacetic acid was prepared as by Arndt and Nachtwey.7 Three hundred 
grams of acetoacetic ester in a 500-ml, flask was heated so that the vapors reaching the 
top of a 60-em. Vigreux column had a temperature of 78-85". After 40 g. of ethanol 
had distilled, 34.4 g. of dehydroacetic acid separated out on cooling the contents of the 
reaction flask. Fifteen grams of ethanol was then distilled out and 29.5 g. of dehydro- 
acetic acid obtained; further heating gave successively 8.3 g. of ethanol, 14.5 g. of the 
acid and 10 g. of ethanol and 17.5 g. of the acid. The total yield from 300 g. of the ester 
was 96 g. or 50% of the theoretical yield. Much lower yields were obtained when at- 
tempts were made to distil out all the ethanol without the removal of the dehydroacetic 
acid from time to time as indicated. The product had a melting point of 98-103 ", and 
109-110" after recrystallization from ethanol and water. The product used for reduc- 
tion was not so purified. 

Ethyl acetoacetate readily took up one molecular equivalent of hydro- 
gen over a nickel catalyst a t  temperatures from 100 to 150°. If the 
hydrogenation was carried out in an ethanol solution, ethyl 8-hydroxy- 
butyrate was formed practically quantitatively. In the absence of a 
solvent or in ether or methylcyclohexane, there was formed along with 
two parts of ethyl 8-hydroxybutyrate, one part of a derivative of it, 

7 Arndt and Nachtwey, Ber., 57B, 1487 (1924). 
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ethyl @-(@'-hydroxybutyryloxy)-butyrate. This ester despite the fact 
that it is the ester of a secondary alcohol did not undergo alcoholysis at  
the temperature used for the reduction of acetoacetic ester or in a boiling 
alcoholic solution of sodium ethoxide. It did undergo alcoholysis a t  190° 
in the presence of a nickel catalyst. This complex ester appears to be 
formed through the reduction of two molecules of acetoacetic ester with 
the elimination of one molecule of ethanol. This condensation product 
was postulated by Arndt and Nachtwey as an intermediate in the for- 
mation of dehydroacetic acid from acetoacetic acid, so that the results 
here reported support their hypothesis. The methyl derivative of aceto- 
acetic ester on reduction behaved similarly to the unsubstituted ester. 
The a,a-dimethyl and the a-methyl-a-ethylacetoacetic ester reduced 
smoothly to the corresponding simple hydroxy ester either with or with- 
out a solvent since there is no possibility of the formation of a complex 
ester analogous to that formed from the 8-ketonic esters capable of enoliza- 
tion. 

Dehydroacetic acid appears to give heptanone-4 as the chief product 
in hydrogenation over nickel. The use of hydrogen pressure in excess 
of 300 atmospheres appears not only very greatly to accelerate the rate 
of hydrogenation but to favor the formation of heptanone-4 with a de- 
crease in the products formed through the hydrolysis and alcoholysis 
of the dehydroacetic acid. Dehydroacetic acid has been found to undergo 
a smooth alcoholysis to acetoacetic ester at  190'. 

MADISON, WISCONSIN 

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, DUKE UNIVERSITY] 

THE STRUCTURE OF PARA-DIMETHYLAMINOBENZOIN1 
BY SANFORD S. JENKINS~ WITH LUCIUS A. BIGELOW AND JOHANNES S. BUCK 

RECEIVED JULY 30, 1930 PUBLISHED DECEMBER 18, 1930 

In the preceding paper, dealing with the reduction of p-dimethylamino- 
b e n ~ i l , ~  it was found that the corresponding benzoin, on treatment with 
tin and hydrochloric acid in alcohol solution, yielded two isomeric desoxy 
derivatives, designated as a- and /?-forms, the structures of which were 
established. This fact made it seem possible that the benzoin itself might 
be a mixture of a- and @-modifications, which, at  least theoretically, would 
be expected to exist. 

Accordingly, efforts were made to separate the apparently pure benzoin 
(m. p. 163-164') into isomeric components by ordinary methods. For 

* This paper is in part constructed from portions of a thesis presented by Sanford 
S. Jenkins in partial fulfilment of the requirements for the degree of Doctor of Philosophy 
in the Graduate School of Arts and Sciences, Duke University. 

Angier B. Duke Memorial Fellow, 1929-1930. 
Jenkins, Buck and Bigelow, THIS JOURNAL, 52,4495 (1930). 
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instance, the material was repeatedly fractionally crystallized, both from 
glacial acetic acid and from alcohol, but, while the melting points of the 
different fractions varied slightly, when samples of these were mixed with 
the pure substance, there was no depression. Also, pure p-dimethyl- 
aminobenzil was reduced catalytically to the benzoin in the Adams ap- 
paratus, employing different solvents, in the hope of obtaining isomers, but 
in every case mixed melting points of the products with an authentic 
sample of the benzoin showed no depression. 

H. S ta~d inger ,~  who first prepared p-dimethylaminobenzoin by con- 
densing 9-dimethylaminobenzaldehyde with benzaldehyde in the presence 
of potassium cyanide, states unequivocally that the product (m. p. 163- 
164') can be but a single substance having the constitution expressed by 
the formula P-(CH~)~NCCH~CHOHCOCGH~, which we designate as the 
a-form. Certain experimental data, which form the basis for considerable 
speculation, are advanced in support of this assertion. 

In spite of the fact that the present writers were not able to separate 
the benzoin into a- and P-components, they were led to doubt the validity 
of the conclusion reached by the earlier investigator on the basis of the 
following considerations. 

As shown in the preceding paper, already cited, the reduction of the 
benzoin with tin and hydrochloric acid yields both the a- and P-desoxy 
derivatives, but the dehydration of the hydrobenzoin with a mixture 

Hydrobenzoin 
/ I 

( C H ~ ) ~ N = ~ ' H ~ C ~ C )  

a-Desoxy derivative 

. (cH~),NC)CH=CHC) 

Stilbene 
THE POSSIBLE REDUCTION PRODUCTS OF a- AND P-@-DIMETHYLAMINOBENZOIN 

* Staudinger, Ber , 46, 3530, 3535 (1913). 



5200 S. S. JENKINS, L. A. BIGELOW AND J. S. BUCK Vol. 52 

of acetic and hydrochloric acids gives only the a-isomer. Furthermore, 
the action of tin and hydrochloric acid on the hydrobenzoin produces 
only the corresponding stilbene. From this it follows, upon theoreti- 
cal considerations, that the a-form of the bemoin cannot, upon reduction, 
$eld both desoxy compounds, whereas the 0-modification, or a mixture 
of the two, can do so. The reasons for these statements may be made 
clear by reference to the diagram. 

Thus, i t  did not seem possible that "ordinary" p-dimethylaminoben- 
zoin, prepared according to Staudinger, which does yield two desoxy 
compounds upon reduction, could consist solely of the a-modification. 

The writers, therefore, decided to attempt the synthesis of the a- and 
8-benzoins, by means of such methods as would establish definitely the 
structures of these substances. Accordingly, p-dimethylarninobenzalde- 
hyde was treated with anhydrous hydrocyanic acid, and the resulting 
cyanohydrin hydrolyzed to form 9-dimethylaminomandelamide, as de- 
scribed by S a ~ h s . ~  The procedure was considerably modified, however, 
and is given in detail further on. The amide was then condensed with 
phenylmagnesium bromide according to the general method of McKenzie 
and Wren16 with the formation of the desired a-p-dimethylaminobenzoin 
of undoubted structure. The reactions may be expressed as follows: 

HCN Hz0  
~ ~ - ( C H S * N C ~ H ~ ~ H O  ---+ p - ( C H s ) 2 N C s ~ , ~ ~ ~ ~  -> 

I 
OH 

a-p-Dimethylaminobenzoin 

The product, after crystallization from alcohol, melted a t  159-160' (corr.). 
I t  gave on analysis the correct values for carbon, hydrogen and nitrogen 
and it had the molecular weight indicated by the formula. Upon oxi- 
dation with Fehling's solution, it formed the known benzil, and, when 
reduced with tin and hydrochloric acid in alcohol solution, it yielded only 
the a-desoxy derivative, not a trace of the &isomer being formed. This 
was to be expected from the theoretical considerations already outlined. 

When the new benzoin was mixed with the corresponding substance, 
prepared according to Staudinger, the melting point was depressed 15- 
IS0, indicating clearly that the two compounds are different. These 
facts appear to prove with certainty that p-dimethylaminobenzoin pre- 
pared by the potassium cyanide condensation method is not the or-isomer. 

I t  remained to be ascertained, however, whether the so-called "ordi- 
6 Sachs and Lewin, Ber.. 35,3571 (1902). 
%'lcKenzie and U'ren, J. Chem. Soc., 93,311 (1908). 
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nary" benzoin was the pure &isomer, or a mixture of the two forms which 
was uncommonly difficult to separate. Either possibility accorded with 
the known facts at  this time. Having had success with the method out- 
lined above in the synthesis of the a-derivative, the writers decided to 
prepare the @-benzoin by an analogous procedure. Mandelarnide was 
therefore synthesized, as described by McKenzie and Wren, in their paper 
already cited, and condensed with p-dimethyiaminophenylmagnesium 
bromide. The Grignard reagent was prepared by refluxing p-bromo- 
dimethylaniline with magnesium, activated with a little ethyl bromide. 
The reaction was sluggish, however, and the yield not very favorable. 
The condensation took place in a manner similar to that already illustrated, 
and must lead to the @-benzoin. 

The product, after crystallization from alcohol, melted at 163-164'. 
It also gave, on analysis, the correct values for carbon, hydrogen and 
nitrogen. On oxidation, it formed the benzil, and on reduction with tin 
and hydrochloric acid in alcohol solution it yielded both the a- and @- 
desoxy derivatives. When it was mixed with the a-benzoin, the melting 
point was sharply depressed, but when the corresponding substance, pre- 
pared according to Staudinger, was added, no change in the melting point 
was observed. 

It therefore seems certain that p-dimethylaminobenzoin prepared 
by the potassium cyanide condensation method is a single substance, 
consisting of the 8- and not the a-isomer, and having the st.wcture p- 
(CHs)zNCeH4COCHOHCeHc,. 

It appears to the writers that the only conclusion which it is possible 
to draw from the facts here reported is that in this instance the assertion 
of the earlier investigator cannot be sustained. 

Experimental 
p-Dimethylaminobenzaldehyde Cyanohydrin.-The method finally adopted for 

the preparation of this substance was a modification of that described by Sachs and al- 
ready cited. I t  was not found possible, however, to obtain results, using liquid hydrogen 
cyanide synthesized according to Wade and Panting' until it was noticed that  a trace 
of calcium chloride, which was carried into the apparatus by chance, catalyzed the re- 
action. This fact, together with the observations that hydrocyanic acid of German 
manufacture containing calcium chloride as a drying reagent, produced results, whiie 
purified calcium chloride did not, made it evident that the actual catalyst was calcium 
oxide, contained in the commercial chloride. In the presence of a trace of the oxide. 
the reaction took place without the slightest difficulty. The detailed procedure con- 
sisted in placing 10 g. of p-dimethylaminobenzaldehyde and about 0.2 g. of calcium 
oxide in a thick-walled bottle of 400-cc. capacity, cooled in a freezing mixture. Ten 
cc. of anhydrous hydrogen cyanide was then distilled into the bottle, which was tightly 
corked and heated to 40-45' in a water-bath until the reaction mixture had solidified, 
requiring about thirty-five minutes. The excess hydrogen cyanide was removed by 

7 Wade and Panting, J. Chem. Soc., 73,256 (1898). 
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suction and the solid residue dissolved in 50 cc. of warm chloroform. Finally, ligroin 
(b. p. 60-70") was added until precipitation appeared to be complete. The white solid 
cyanohydrin was filtered off and dried. It weighed 7 g., which is 59% of the theoretical, 
melted a t  110-113" and was sufficiently pure for use in the subsequent work. 

p-Dimethy1aminomandelamide.-This compound was also prepared by Sachs, but 
the details given are rather meager. The writers proceeded as follows. Four grams of 
the cyanohydrin was dissolved in approximately 10 cc. of sulfuric acid (sp. gr. 1.84) and 
the mixture allowed to stand for about fifteen minutes. After this it was poured slowly, 

' 

with constant shaking, into a slush of ice and water. Then the solution was carefully 
neutralized with ammonia (sp. gr. 0.90). During these operations care was taken that 
the temperature a t  no time rose above 15". Just before the neutral point was reached a 
brown amorphous precipitate was formed, which was filtered off and discarded. The 
resulting neutral mixture was allowed to stand in the ice box overnight, when the amide 
crystallized out A further quantity was obtained on evaporating the mother liquor. 
The product weighed 2 g. (45% of the theoretical), and after two crystallizations from 
water melted at 184-186' (uncorr.). The yields obtained in different runs varied con- 
siderably. 

a-p-Dimethy1aminobenzoin.-A mixture of 30 g. of bromobenzene, 5.5 g. of mag- 
nesium turnings and 50 cc. of anhydrous ether was refluxed until most of the metal had 
dissolved. Then 2.5 g. of finely powdered p-dimethylaminomandelamide was added, 
in small portions, over a period of fifteen minutes. After each addition of the amide, a 
vigorous reaction occurred, which was allowed to subside before the next portion was 
added. After heating on the water-bath for twelve hours the solution was poured into 
200 g. of crushed ice containing 30 g. of concd. sulfuric acid. The ether was removed, 
and the aqueous layer extracted with two 100-cc. portions of ether. The extracts were 
discarded. The acid solution was then neutralized with ammonia and the yellow pre- 
cipitate which formed was separated, dissolved in 50 cc. of alcohol and filtered hot. 
On cooling, a mass of yellow needles separated which weighed 1.5 g. (45%) and melted 
a t  152-153 ". After three recrystallizations from alcohol, the product melted a t  159- 
160" (corr.). When this was mixed with a sample of the benzoin prepared according to 
Staudinger, the melting point was depressed 12-18". 

Anal. Calcd. for Cl~H1~NOz: C, 75.29; H, 6.67; N, 5.49; mol. wt. 255. Found: 
C, 75.19; H, 7.02; N (Kjeldahl), 5.58, 5.29; mol. wt. (in benzene), 258. 

Oxidation of a-p-Dimethy1aminobenzoin.-About 0.10 g. of the benzoin dissolved 
in 10 cc. of alcohol was heated on the water-bath with concentrated Fehling's solution 
for one hour, after which the cuprous oxide was filtered off and the mixture diluted with 
50 cc. of water. On standing a yellow crystalline precipitate formed, which was removed 
by filtration and recrystallized from 60% alcohol. The product melted a t  115-116 " and 
a mixed melting point taken with known p-dimethylaminobenzil showed no depression. 

Reduction of a-p-Dimethylaminobenzoin.-The reduction was carried out by 
treating 1.0 g. of the benzoin with 1.0 g. of mossy tin, 5 cc. of hydrochloric acid (sp. gr. 
1.19), 0.10 g. of copper sulfate pentahydrate and 20 cc. of alcohol. The solution was 
refluxed for five hours, filtered hot and diluted with 30 cc. of water. After standing over- 
night, no precipitate whatever had formed, indicating the absence of the P-desoxy de- 
rivative, which is relatively insoluble in dilute acid mixtures. The solution was then 
made alkaline with ammonia and filtered, after which the yellow precipitate was ex- 
tracted with 100 cc. of boiling alcohol. The extract was evaporated to a volume of 
about 25 cc. and allowed to stand. 

The product which separated consisted of long white prisms which weighed 0.70 
g. (74%) and melted a t  127-128". When it was mixed with known a-p-dimethyl- 
aminodesoxybenzoin, no depression in the melting point was observed. 
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An exactly parallel reduction of p-dimethylaminobenzoin prepared according t o  
Staudinger, yielded 0.30 g. of the a-desoxy compound and 0.47 g. of the P-desoxy de- 
rivative. In this case the total yield was 0.77 g., which is 82% of the theoretical quantity. 

p-p-Dimethy1aminobenzoin.-A mixture of 30 g. of p-bromodimethylaniline, 3.1 
g. of magnesium turnings and 75 cc. of absolute ether was refluxed for forty-eight hours. 
To start the reaction, about 12 drops of ethyl bromide was added in two portions. Af- 
ter the heating, 1.5 g. of finely powdered mandelamide, prepared according to McKenzie 
and Wren,8 was added ir, small portions, over a period of ten minutes. A vigor~us re- 
action ensued after each addition. The solution was then refluxed for fifteen hours more. 
and poured into 200 g. of crushed ice which contained 20 g. of sulfuric acid (sp. gr. 
1.84). The clear yellow aqueous layer was extracted six times with 50-cc. portions of 
ether and, in this case, the aqueous layer was discarded. The ether was removed by dis- 
tillation and the solid residue, after one crystallization from a small amount of alcohol, 
weighed 0.7 g. (25%) and melted a t  159-161 O. After two further recrystallizations from 
alcohol the product formed stout yellow needles melting at 161-162O (corr.). When a 
sample of this was mixed with the benzoin prepared according to Staudinger, the melt- 
ing point was not depressed. 

Anal. Calcd. for CleH1,NOz: C, 75.29; H, 6.67; N, 5.49. Found: C, 75.43; 
H, 7.04; N (Kjeldahl), 5.28, 5.39. 

Oxidation of p-p-Dimethy1aminobenzoin.-The reaction was performed by heating 
0.12 g. of the benzoin, dissolved in 15 cc. of alcohol, with Fehling's solution. The mix- 
ture was heated on the water-bath for three-fourths of an hour and the reagent added in 

'small portions until no further action occurred. The cuprous oxide was filtered off, the 
solution diluted with 50 cc. of water and the precipitate which formed on standing filtered 
and recrystallized from 15 cc. of 60y0 alcohol. The product formed yellow prisms melting 
a t  116-117", and weighing 0.072 g., which is 60% of the theoretical. When i t  was mixed 
with a sample of known p-dimethylaminobenzil, the melting point was not depressed. 

Reduction of 6-p-Dimethy1aminobenzoin.-The reduction was carried out in a 
manner similar to  that described for the case of the a-isomer. After the reaction was 
complete, the mixture was allowed to stand in the cold and the p-desoxy derivative 
separated. It weighed 0.20 g. and on crystallization from alcohol formed plates melting 
a t  163-164 O. The mother liquors from the reduction mixture were worked up as already 
described, and yielded 0.50 g. of the a-desoxybenzoin. After this had been purified in 
the usual way, it melted a t  127-128'. The combined yields of the a- and p-isomers 
amounted to 0.70 g., which is 74% of the theoretical amount. When samples of these 
were mixed with known a- and 0-p-dimethylaminodesoxybenzoin, respectively, the 
melting points were not depressed. 

Reduction of p-Dimethy1aminohydrobenzoin.-In order to show that no p-desoxy- 
benzoin results from the reduction of the hydro derivative even with tin and hydrochloric 
acid in alcohol solution, the following experiment was carried out: 2.55 g. of "ordinary" 
p-dimethylaminobenzoin was dissolved in 50 cc. of absolute alcohol and reduced to the 
hydro compound in the Adams apparatus, in the presence of 0.1 g. of platinum oxide. 
The method is essentially identical with those described in the preceding paper, already 
cited. The catalyst was filtered off, and, without isolating the product, 3 g. of tin, 10 
cc. of hydrochloric acid (sp. gr. 1.19) and a crystal of copper sulfate pentahydrate were 
added to the solution, which was refluxed for six hours. The unchanged tin was filtered 
off, and 90 cc. of water added. On standing, no precipitate appeared, so the mixture 
was neutralized with sodium carbonate, and the resulting product filtered, washed and 
extracted with alcohol. On cooling, the extract deposited colorless scales weighing 1.9 
g. and melting a t  147-148". When these were mixed with known p-dimethylamino- 

McKenzie and Wren, J. Chem. Soc., 93,311 (1908). 
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stilbene, the melting point was not depressed, thus determining the identity of the prod- 
uct. The yield was 85%. 

Summary 
1. a- and p-#-Dimethylaminobenzoin have been synthesized by the 

Grignard method, leaving no reasonable doubt as to their structures. 
2. The reduction products of these isomers have been studied and 

correlated with the corresponding substances produced by reducing p- 
dimethylaminobenzoin as prepared by condensing the corresponding . 
aldehydes in the presence of potassium cyanide. 

3. p-Dimethylaminobenzoin, as prepared by the condensation method, 
is shown to be the 8-isomer, and not the a-derivative, as was hitherto 
supposed. It has the structure P(CHI)~NC~H~COCHOHC~H~. 

DURHAM, NORTH CAROLINA 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF BRYN MAWR COLLEGE] 

AN INDIRECT METHOD OF STUDYING THE OXIDATION- 
REDUCTION POTENTLALS OF UNSTABLE SYSTEMS, 

INCLUDING THOSE FROM THE PHENOLS AND AMINES 
BY Lours F. FIESER 

RECEIVED AUGUST 2, 1930 PUBLISHED DECEMBER 18, 1930 

With certain unstable oxidation-reduction systems it has been found 
possible to measure the potentials with a reasonable degree of accuracy 
even though decomposition of the oxidant occurs so rapidly that the 
half-life period is less than one minute.' A limit was reached, however, in 
the application of the method in its present form. Such substances as 
amphi-naphthoquinone and o-quinone-di-imine decompose so very rap- 
idly that no adequate measurements could be made. The number of 
such failures of the direct method, to be sure, is comparatively small. 
In over two hundred cases the simultaneous removal by oxidation 
of two hydrogen atoms from hydroxyl or amino groups which are ortho or 
para or adjacent to one another, or which bear some similar relation- 
ship, gives rise to a fairly stable oxidant and the system formed by the 
two components is electromotively active and its potential can be de- 
termined by one means or another which involves the direct observation 
of that potential. The following substances thus belong to what may 
be termed the "hydroquinone type." 

OH R R 
I 

N-H 
I 

N-H 
I 

0-H 
I 

R 
NH, 

1 Fieser, TRIS JOURNAL, 52,4915 (1930). 
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On the other hand, there is a second type of compound, to which the 
monatomic phenols and amines belong, the partial oxidation of which 
produces an oxidation-reduction system with which a high degree of 
instability is the rule rather than the exception, for the oxidant is a free 
radical. Thanks to the brilliant investigations of Wieland, of Pummerer, 
and of Goldschmidt, the existence of these radicals and the nature of the 
systems of which they a n  components is not a q~estion for speculation 
but one of proof. Since the existence of the diphenyl nitrogen radical 
was established by Wieland,2 several bivalent nitrogen radicals3 and 
aroxyls4 have been isolated. Some of these have been obtained by the 
direct oxidation of the corresponding amine or phenol, and it has been 
proved in a highly ingenious manner that the primary oxidation product 
of aniline is a radical containing bivalent n i t r~gen.~ With few excep- 
tions the radicals are highly unstable, but the information concerning 
the nature of their decompositions is very complete. The nitrogen radi- 
cals generally polymerize to hydrazines; the aroxyl radical either poly- 
merizes to a peroxide or isomerizes to a keto-methyl radical, which may 
enter into various subsequent reactions. Careful studies of these reac- 
tions have led the workers in this field to conclude that the primary step 
in the oxidation in neutral medium of all phenols or amines consists in the 
removal of one hydrogen atom from oxygen or nitrogen. 

With respect to the mechanism, then, there is no difference between 
the oxidation of the monatomic substances and that of the compound 
of the hydroquinone type. The oxidation products differ to the extent 
that those of the first class are usually much less stable than those of the 
second type, but the difference is hardly a significant one, for exceedingly 
unstable quinones have been described, as well as very stable radicals. 

The property most characteristic of the quinones, the azo and similar 
compounds, is that they respond almost instantly to reduction a t  a low 
temperature and in dilute solution. The reverse reaction takes place with 
equal ease, and it may be said that the hydroquinone-quinone system 
is an unusually mobile one. No less mobile is the system 9-chloro-10- 
phenanthrol (I)-9-chloro-10-phenanthroxyl (II).6 

Possibly because the blocking of the positions ortho and para to the oxy- 
gen atom prevents a wandering of the free valence to carbon, and because 
the high molecular weight retards the velocity of association, the radical, 

Wieland, Ann., 381, 214 (1911). 
a See particularly Goldschrnidt and collaborators, Ber., 53, 44 (1920) ; 55, 616, 628 

(1922); Ann., 437,194 (1924). 
4 Pummerer and collaborators, Ber., 47,1472 (1914) ; 59,2161 (1926) ; Goldschmidt 

and collaborators, ibid., 55,3197 (1922); Ann., 438,202 (1924); 445, 123 (1925); 478, 
1 (1930). 

5 Goldschmidt and Wurzschrnitt, Ber., 55,3216 (1922). 
Goldschmidt and Steigenvald, Ann., 438, 202 (1924). 
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Oxid. ---+ 
Red. 
t-- 

11, is far more stable than the average and in this and other respects it is 
strikingly similar to the quinones. It does slowly polymerize a t  ordi- 
nary temperatures to the peroxide, 111, but Goldschmidt was able to iso- 
late the substance and to characterize it very completely. Outstand- 
ing among its properties is the great ease of reduction; the oxidation of 
I to I1 may be reversed quantitatively with such reagents as hydrazoben- 
zene, hydroquinone and phenylhydrazine. So great, indeed, is the ve- 
locity of reduction of some of the bivalent nitrogen radicals that Gold- 
schmidt and Bader were able to effect a quantitative determination of the 
radical by titration at  -80' with hydrazobenzene so l~ t i on .~  

All of the evidence thus shows that there is no essential difference be- 
tween the systems produced on partial oxidation of compounds of the 
hydroquinone and of the phenol type, even though the ultimate fate of 
the oxidant is usually different. It is reasonable to infer that, since the 
one is electromotively active, the other would share this property, and 
preliminary experiments with 9-chloro-10-phenanthroxyl have shown that 
this is the case.' I t  may even be possible to measure the potentials of 
such systems, but whether or not a few substances of special structure 
may be capable of study in this way, it does not seem at all likely that 
any direct measurements will be possible with compounds such as phenol 
and aniline. Consequently, we believe that it is worth while to develop 
an indirect method of study which is entirely general in application, if 
limited in accuracy. 

The Theory of the Method 
The general method may be called that of potentiometric indicators 

and it was originated by C ~ n a n t . ~  It consists in measuring the poten- 
tial of a solution of some stable oxidation-reduction system, usually an 
inorganic one, and then adding a sample of, say, a phenol. If the po- 
tential of the solution is so low that the phenol is incapable of becoming 
oxidized by the oxidant of the system which is being used for reference, 

' Goldschmidt and Bader, Ann., 473, 137 (1929). 
(a) Conant and Lutz, THIS JOURNAL, 45,1047 (1923); (h) ibid., 46, 1254 (1924); 

(c )  ibid., 49, 1083 (1927) ; (d) Conant and Pratt, ibid., 48, 2468 (1926) ; (e)  ibid., 48, 
3178 (1926); (f) ibid., 48, 3220 (1926); (g) Conant, Aston and Tongberg, ibid.,  52, 
407 (1930); (h) Conant, Chemical Reviews, 3, 1 (1926). 
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no change in the potential of the system will occur; but if the phenol 
becomes oxidized, i t  will obviously consume some of the oxidant, and 
the potential will change and thus indicate that a reaction has proceeded. 
The experiment can, of course, be made quantitative, so that the decrease 
in the potential of the inorganic, or "reference system" as we shall call it, 
indicates the amount of phenol which is oxidized in a given period of time. 
Now the potentia! begins to fall at once, but i t  does not rapidly reach a 
consiant level, as in the interaction of two stable oxidation-reduction 
systems, but continues to fall a t  a measurable rate. The reason for this 
is that the reaction between the two reversible systems, say, those from 
a-naphthol and potassium ferricyanide (1) 

ROH + K3Fe(CN)e t;= RO-- + KsHFe(CN)6 (1) 
ROW- Decomposition products (2) 

cannot come to a point of equilibrium because the oxidant of the organic 
system is unstable and changes over more or less rapidly into other sub- 
stances according to (2). The destruction of the radical by (2) allows 
more of i t  to be formed by (I), and the potential, which is determined by 
the relative concentrations of the ferri- and ferrocyanides, continues to  
decrease. The rate a t  which the potential of the solution decreases is a 
measure of the rate of Reaction 2, for the first reaction is much more rapid; 
for practical purposes it may be regarded as instantaneous. 

Now Conant has presented evidence in support of the altogether reason- 
able theoretical conception that the velocity of Reaction 2 is dependent 
upon the equilibrium constant of Reaction 1. The concentration of the 
radical available a t  any instant for Reaction 2 is determined by the ex- 
tent to which Reaction 1 has proceeded to the right. I n  other words, 
the first reaction (rapid) feeds the second (slow). Since the equilibrium 
constant of Reaction 1 may be expressed in terms of the normal oxidation- 
reduction potentials and concentrations of the two interacting systems, 
there is obviously a relationship between the velocity of the decomposi- 
tion reaction, the potential of the solution, and the normal potential of the 
arol-aroxyl system. It is desirable to evaluate the last-named quantity, 
but unfortunately there is one other unknown and undeterminable quan- 
tity: the velocity of the un-fed decomposition reaction. For each radi- 
cal there must be an intrinsic rate of decomposition; the rate which can 
be measured by the above method is proportional both to  this intrinsic 
rate and to the equilibrium constant of Reaction 1. 

If this equilibrium constant is represented in terms of the normal po- 
tential of the ferri-ferrocyanide system, Eo(Fe), and of the unstable organic 
system, Eo, the situation may be summed up by means of the equation 

y~(;,'o'~~; Eo) 
[ROH] [K3Fe(CN)6]10 

(1) Observed velocity = Constant X - 
[KsH(CN)e I 



5208 LOUIS F. FIESER Vol. 52 

This shows that the velocity of oxidation will be increased by the substi- 
tution of another reference system of normal potential greater than Eo(Fe). 
I t  is also clear that there are two unknowns, Eo and the constant which 
defines the true rate of decomposition of the oxidant. 

In order to gain some idea of the potential of the unstable organic sys- 
tem, Conant prepared a series of solutions containing various reference 
systems so chosen that there was a progression in the potentials of these 
solutions. A quantity of a given phenol was added to each solution 
and the potential was followed. Below a certain potential no reaction 
occurred, above that the potential dropped a t  a rate which increased as 
the potential of the solution was increased. By measuring the rates of 
the reactions and applying certain approximate equations, Conant was 
able to estimate the potential at  which 20-30% of the phenol would be 
oxidized in the course of thirty minutes; this value he termed the "ap- 
parent oxidation potential." The value is dependent upon two factors: 
the normal oxidation-reduction potential of the phenol-phenoxyl system 
and the intrinsic rate of decomposition of the phenoxyl radical. 

A separation of these two factors is not easily accomplished, but until 
this is done there can be no adequate means of estimating, even approxi- 
mately, the true potentials of the unstable systems. To illustrate the 
point we may quote the example of two substances of the hydroquinone 
type which form unstable systems on partial oxidation, and for which the 
potentials, as well as the true velocities of decomposition of the oxidants, 
have been measured by direct means. The potentials of the systems 
from p-methylaminophenol and from p-benzylaminophenol are very nearly 
identical a t  PH 3.5 and yet the velocity constant is about seven times as 
great in the second case as it is in the first.' If the "apparent oxidation 
potentials" were determined for these substances it would be found, on 
comparing the action of p-methylaminophenol and of p-benzylamino- 
phenol on identical solutions of a given reference system, that the drop 
in potential occurred much more rapidly with the benzyl than with the 
methyl derivative, and a lower value for the "apparent oxidation poten- 
tial" would be assigned to this than to the methyl derivative. The "ap- 
parent oxidation potentials" would thus indicate a difference between 
the two systems when there is no appreciable difference in the actual nor- 
mal potentials. 

Thus, even as a means of indicating the relative (true) potentials of a 
series of closely related compounds, the "apparent oxidation potential" is 
unreliable. It reflects not only all of the characteristics peculiar to  the 
rate of decomposition of each oxidant, but also the very marked influences 
on reaction velocities of changes in temperature and environment. 

If the facts were otherwise and if the velocity of the reaction were the 
same for all members of a given series of substances, then Conant's "ap- 
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parent oxidation potentials" would give an accurate measure of the rela- 
tive normal potentials of the various systems. Ordinarily, however, the 
velocities differ considerably. Now it will be observed that the velocity 
of the reaction isl in part, dependent upon the potential of the reference 
system and this can be adjusted to progressively lower values and the 
reaction can thus be made progressively slower and finally brought prac- 
tically to a stop. Under these conditions velocities sf reaction for a 
series of compounds all approach the limiting value of zero and hence 
they are all very nearly the same at  some point representing a small per- 
centage of oxidation in a brief period of time. It follows from these con- 
siderations that, while the rate factor may influence greatly the "poten- 
tial a t  which 20-30% oxidation occurs in thirty minutes," it should have 
a slight, possibly an inappreciable, effect on the potential a t  which the 
velocity becomes vanishingly small. 

Critical Oxidation Potentials 

We have thus sought to develop a method of determining the potential 
at which the velocity of the reaction between a given oxidizable substance 
and a suitable reference system reaches some limiting, small value. We 
believe that a means of accomplishing this end has been found and that, 
although the method is of a purely empirical character, i t  answers to cer- 
tain reliable tests which may be applied. The method will be described 
in detail in the Experimental Part; it may be explained here briefly by 
quoting some experiments with a-naphthol in a neutral 37% alcoholic 
solution at  25'. The alcohol was included to increase the solvent power; 
neutral buffer salts were used in order to avoid dissociation phenomena. 
The potentials given all refer to the difference in potential between the 
oxidation-reduction electrode and a hydrogen electrode in the same solvent. 

The potential of the molybdicyanide-molybdocyanide system may be 
varied from about 1.0 v. to 1.2 v., but at any potential in this range a- 
naphthol becomes oxidized with great rapidity. Using the ferri-ferro- 
cyanide system, a rapid oxidation is observed at  a potential of 0.870 v., 
but no reaction can be detected in a reasonable length of time a t  a potential 
of 0.770 v. After thus limiting the range to be studied more carefully, a 
series of solutions of ferri- and ferrocyanides is prepared in such a way that 
their potentials lie in this range and differ by about 5-10 mv. The total con- 
centration of the cyanides is kept exactly the same, but the ratio of oxidant 
to reductant is varied. Each solution is brought to thermal and electro- 
chemical equilibrium and the potential is carefully determined. A sam- 
ple of a-naphthol is then added, the amount taken being just equivalent 
to the potassium ferricyanide present in each experiment, and the po- 
tential is followed for five minutes. At the potentials 0.780 v. and 0.790 
v. no oxidation occurs, but a t  0.800 v. and above a drop in potential is 
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noted and this becomes progressively greater as the potentials of the solu- 
tions increase. There is thus a potential range of 0.790-0.800 v. above 
which oxidation occurs, below which the extent of the reaction is so limited 
that  no reaction a t  all can be detected with the apparatus employed. 
It may be noted that the period of observation may be extended to about 
thirty minutes and still the reaction fails to become detectable a t  0.780 v. 

10 20 30 40 
Percentage oxidation. 

Fig. 1.-The determination of critical oxidation potentials: I, 
eugenol; 11, 2,3-dihydroxy-naphthalene; 111, or-naphthol; IV, 
pyrogallol dimethyl ether; V, catechol; VI, 2,6-dihydroxynaph- 
thalene. Reference systems for I-V, ferro- and ferricyanides; for 
VI, phydroxydiphenylamine-N-phenylquinone-in. 

A narrowing of the potential range which thus appears to be critical 
may be accomplished as follows. The drop in the potential is an indi- 
cation of the amount of ferricyanide which has entered into reaction and, 
hence, of the amount of a-naphthol which has been oxidized. One can 
calculate the percentage oxidation from the equation 

Percentage oxidation = 100( [Oxid. ]i - [Oxid.]t)/ [Oxid.It (2) 

where [Oxid.Ii is the concentration of ferricyanide a t  the start of the ex- 
periment and [Oxid.], is that a t  time, t. These quantities are calculated 
from the normal potential of the ferri-ferrocyanide system and the po- 
tentials a t  the beginning and end of the experiment, by means of the usual 
electrode equation. Results of the following nature are obtained (Table I). 
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TABLE I 
THE OXIDATION OF LZ-NAPHTHOL 

Potential, E(v . )  0.7915 0.7985 0.8040 0.8087 0 8190 0 8321 0.8535 
AE(mv) .O  .9 2.2 3 .2  7 3 18.1 38.8 

Oxidation, yo .0 1 .5  3 4 4 6 9 4 16 8 25 0 

While the drop in potential is not directly proportional to the initial 
potential of the solution, the relationship between the potential and the 
percentage oxidation is unmistakably linear. These results are repre- 
sented by Curve 111, Fig. 1, and Figs. 1 and 2 give similar graphs for sev- 

10 20 30 40 
Percentage oxidation. 

Fig. 2.-The determination of critical oxidation potentials: I, 
2-nitro-1-naphthol; 11, phenol; 111, p-toluidine; IV, p,p'-dihy- 
droxydiphenylmethane; V, diphenylamine. Reference system: 
cyanides of molybdenum. 

era1 other compounds. Included in the list are phenols, primary and sec- 
ondary amines, and compounds of the hydroquinone type (catechol and 
2,6-dihydroxy-naphthalene). Two inorganic and one organic reference 
systems are represented. I t  is clear that the relationship noted holds 
good in each case. In  fact with over seventy compounds studied it ap- 
pears to be quite generally true that when equimolecular quantities of 
the oxidizable substance and the oxidant of a reference system are allowed 
to interact over a brief period of time, the percentage oxidation is a linear 
function of the initial potential of the solution. 
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We have not been able to solve the complicated problem of deriving 
this relationship from theoretical principles, but the relationship does 
exist and use may be made of it in the following way. On extrapolation 
of the percentage oxidation-potential curve, a potential is obtained which 
corresponds, on the curve, to the point of "zero oxidation." It really 
does not correspond to the point at  which there is absolutely no reaction 
but rather to the potential a t  which the oxidation ceases to be detectable 
in a short period of time with the particular instruments employed. If 
these instruments were refined this "zero-oxidation" potential would be 
shifted to somewhat lower values. Theoretically there is no potential 
a t  which the reaction completely comes to a stop. What this extrapola- 
tion value does represent is thus the potential a t  which, with a particular 
technique and apparatus, the rate of the reaction becomes so small as to 
be just detectable. We shall call this the critical oxidation potential and 
designate it by the symbol E,. If it is a reasonably reproducible con- 
stant with which to characterize a series of substances, it is evident that 
this critical oxidation potential meets precisely the requirements defined 
above, for it is a constant determined both by the potential-factor and 
the rate-factor, but for which, since the rate is made very small, the rate- 
factor must be exceedingly small. 

The accuracy with which the critical oxidation potential can be deter- 
mined may be judged from the following results. Two series of experi- 
ments with a-naphthol both gave the value 0.796 v. When the concen- 
trations of all of the reactants were halved, the value obtained was 0.799 v. 
In a further series another reference system having a different normal 
potential was employed; with the complex cyanides of tungsten the E, 
value found was 0.798 v. The percentage oxidation-potential curve in 
this case had a slightly different slope. It is probable that catalysts would 
also change the slope of the curve without changing the point of origin. 

The only limitation discovered in the application of this method is that 
there are not enough suitable reference systems to cover the entire range 
of potential. The potentials of the systems which we have used are repre- 
sented in Fig. 3. The most satisfactory results are obtainable when the 
potential desired can be secured without resorting to either very high or 
very low values for the ratio of oxidant to reductant. It will be seen 
that this can be done in the lower potential zone, for the curves for four 
systems overlap each other. There is a range, however, between the 
systems from tungsten and molybdenum which cannot be covered. The 
upper and lower limits of the usefulness of these systems are indicated on 
the graph; critical oxidation potentials falling between 0.91 v. and 1.01 v. 
cannot be determined until other systems of suitable potential are dis- 
covered. 

The slopes of the potential-oxidation curves vary over wide limits, 
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indicating quite different reaction velocities. This difference probably 
is not entirely due to the nature of the unstable substances produced on 
oxidation, for there is a general disposition for the curves to become steeper 
as the relative amount of the oxidant of the reference system is increased. 
Thus Curves I-V of Fig. 1 all refer to experiments in which the coltnplex 
cyanides of iron were employed, and the ratio of ferri- to ferrocyanide 
varied from values of about 4-5 for Curve I, to 0.1-0.3 for Curve V. The 
slopes of the curves seem to reflect this variation. 

20 40 60 80 100 
Percentage oxidation. 

Fig. 3.-The potentials of the reference systems: systems. 
named as reductant, I, potassium molybdocyanide; 11, potassium 
tungstocyanide; 111, potassium ferrocyanide; IV, p-hydroxydi- 
phenylamine; V, 2,4-diaminodiphenylamine. 

Tests of the Reliability of the New Constant.-According to  the 
reasoning developed above, the critical potentials which have been de- 
termined should bear some definite relationship to the normal oxidation- 
reduction potentials of the unstable systems to which they refer. For a 
group of similar substances the critical potentials would be expected to  
lie a t  some approximately constant distance below the normal potential. 
We have been fortunate enough to find a few systems for which both of 
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these potentials may be determined, and the results are summarized in 
Table 11. The determinations were all made in a neutral phosphate 

THE RELATIONSHIP BETWEEN THE NORMAL OXIDATION-REDUCTION POTENTIAL (Ea) 
AND THE CRITICAL OXIDATION POTENTIAL (Eo)  

System, named as reductant Eo', v. Ec, v. Difference, v. 

p,p'-Dihydroxydiphenyl 0.954 0.882 0.072 
p,pl-Dihydroxystilbene .854 .786 .068 
p-Phenylenediamine .783 .710 .073 
p-Aminophenol .733 .673 .060 

Av. .068 

buffer solution containing 37% of alcohol. The potentials are those 
measured against a hydrogen electrode in the same solvent. The com- 
pounds listed are all of the hydroquinone type (two hydrogens involved). 

Although these results are not very extensive, they do indicate a con- 
stant difference between the two potentials. The variation in the dif- 
ference is no greater than the uncertainty in the experimental results. 
The decomposition of two of the oxidants here concerned is a monomolecu- 
lar reaction; with the other two i t  is a catalytic second-order reaction. 
The half-life periods vary from sixty seconds to 234 sec0nds.l When 
these great differences are considered, it seems quite clear that the rate- 
factor has been reduced to a minimum in the new term which has been 
called the critical oxidation potential. 

Where direct determinations of normal potentials have not yet been 
possible it appears admissible to estimate approximate values from the 
critical potential values and the average difference found up to the present 
time for similar systems, that is, for systems of the same oxidizing equiva- 
lence. Table I11 gives values calculated in this manner for all of the com- 
pounds of the hydroquinone type which have been s tud ied .Vhe  normal 
potential for o-benzoquinone has been measuredlo in alcoholic hydrochloric 
acid solution by a method which very probably yields low results; the 
value found was 0.784 v. 

TABLE 111 
NORMAL POTENTIALS (CALCD.) AT 25" IN NEUTRAL ALCOHOLIC SOLUTION 

System, named as oxidant En, v. 

o-Benzoquinone 0.810 
Amphi-naphthoquinone .758 
Nitro-p-benzoquinone .765 
3-Hydroxy-1,2-benzoquinone .677 
Isatin .813 
Quinone from aesculetin .827 

A more accurate estimate would be obtained by taking the mean of the critical 
oxidation potential of the reductant and the critical reduction potential of the oxidant 
if the latter quantity could be evaluated. 

lo Conant and Fieser, THIS JOURNAL, 46, 1858 (1924). 
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Another test of the soundness of considering the critical oxidation po- 
tential as a potential-factor from which the rate-factor has been very 
nearly separated is in determining the effect of temperature. One valuable 
feature of this test is that it may be applied to each compound individually, 
rather than to a series. The few measurenients which we have made a t  
40' are not as accurate as those at  25', but they will serve to show the 
order of magnitude of the effect of this variable. The results are described 
in the Experimental Part and summarized in Table IV. A lfiO increase 

TABLE IV 
THE EFFECT OF TEMPERATURE 

Critlcal oxidation potential, Ec, v. 
Compound 25' 40' Difference 

4-Nitro-1-naphthol . . . 1 123 . . .  
2-Nitro-1-naphthol 1 141 1 120 -0 021 
2,4,6-Trichlorophenol 1 103 1 097 006 
1-Naphthol-2-carboxylic acid 1 065 1 062 003 
Hydroquinone monomethyl ether 0 848 0 833 ,015 
2,3-Dihydroxynaphthalene 812 809 00:2 
a-Naphthol 797 784 013 
lJhloroglucinol 799 79 1 008 
p,p'-Dihydroxystilbene 786 ,773 .017 
1,3-Dihydroxynaphthalrnr 754 744 010 

in the temperature has relatively little effect on the critical oxidation 
potential; this quantity decreases by from 3 to 21 mv. The direction 
of the change and its magnitude are entirely comparable with the change 
in the normal oxidation-reduction potentials of the quinones.I1 

The effect of a temperature change is thus that normal to true poten- 
tials. Where a rate-factor is involved as in Conant's "apparent oxida- 
tion potentials," it has been foundsf that a 37' increase in temperature 
causes a decrease in the "potential" of as much as 150-400 mv. 

One other standard by which the critical potential may be judged is 
that of the consistency of the results, and we shall now attempt to de- 
termine whether the figures obtained reveal any regularities and form a 
consistent pattern. 

The Relationship between Critical Oxidation Potentials and Struc- 
ture.-The values found for the critical oxidation potentials a t  2 5 O  are 
recorded in Table XI11 of the Experimental Part. From these figures 
tables have been constructed which will simplify the comparisons. The 
first of these, Table V, shows the effect produced on the critical poten- 
tial of phenol and of a-naphthol of substituting various groups in the 
ortho, para or meta position to the hydroxyl group. The influence of a 
given group is very nearly the same for ortho or para substitution, that 
of a meta group is in the same direction but only 16-18% as great, and 
this is true whether the potential is increased or decreased. 

" Conant and Fieser, THIS JOURNAL, 44,2480 (1922). 
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A COMPARISON OR ISOMERIDES 

Effect of substituent on Eo of substance 
Substituent Substance Ortho Para Meta 

Methyl Phenol -0.049 -0.050 -0.009 
Phenyl Phenol .041 .043 . . . 
Methoxyl Phenol .221 .241 ,037 
Nitro a-Naphthol .336 ,339 . . . 

Table VI gives a comparison of the oxidation of the hydroxyl and the 
amino group when attached to an aromatic nucleus. It is seen that the 

A COMPARISON OF PHENOLS AND AMINES 

Amines Eo, V. Phenols Ea, v. Difference 

Aniline 1.135 Phenol 1.089 0.046 
p-Toluidine 1.077 p-Cresol 1.039 ,038 
p-Anisidine 0.892 p-Methoxyphenol 0.848 .044 
p-Naphthylamine 1.064 8-Naphthol 1.017 .047 

amines become oxidized only a t  a higher potential than that required for 
the corresponding phenols. The difference is so nearly constant that one 
could make a fairly accurate estimate of the potential of an amine from 
a knowledge of the potential of a phenol of similar structure. 

In constructing Table VII, which summarizes the data on the influence 
of substituent groups, we have regarded ortho and para substitution to 

TABLE VII 

THE EFFECT (v.) ON THE CRITICAL OXIDATION POTENTIAL OF ORTHO OR PARA SUB- 
STITUENTS 

Group Effect Group Effect 

-NO2 0.344 -CH~CH=PCH~ - 0.037 
-COOH ,288 -CH,COOH - .038 
-CHO .212 --CeHs - .042 
-SOaH ,084 -CHs - .052 
-C1 .005 -0CsHs - .059 
-CHsOH - .037 -0CHs - .235 
-CHzCeHs - .037 --N(CHs)z - .371 

be identical, and we have considered and combined the results in the 
phenol and in the amine series. The figure representing the effect of the 
nitro group should be accepted with some reservation. A comparison 
of a substituted with an unsubstituted compound, in this case 2-nitro-l- 
naphthol with a-naphthol, is only valid when the hydroxyl group is un- 
ionized in each case. It is not unlikely that the nitro derivative is ionized 
to  some extent in the buffer solution employed; hence the observed dif- 
ference which we have attributed to the nitro group represents only the 
order of magnitude of the true effect. 

In general, unsaturated groups increase the potential, saturated ones 



Dec., 1930 OXIDATION POTENTIALS OF AMINES AND PHENOLS 5217 

decrease it; the nitro group has the greatest positive effect, the modified 
hydroxyl and amino groups the greatest effect in the negative direction. 
Ortho-para directing groups usually weaken the bond holding the hydro- 
gen atom to oxygen or nitrogen, meta directing groups have the opposite 
effect. 

When the few results for polysubstituted substances are 'considered, 
it is found that the influence of a given group increases as the number of 
such groups in the molecule is increased. The effect of a meta hydroxy 
group may be estimated in two ways: phenol may be compared with 
resorcinol; a-naphthol may be compared with 1,3-dihydroxynaphthalene. 
The differences found in E, are 0.046 v. and 0.043 v., respectively. A 
comparison of resorcinol with phloroglucinol, on the other hand, indi- 
cates that the introduction of one more meta hydroxyl group lowers the 
potential 0.244 v. Other substituents usually behave in the same fashion. 
We do not yet know how to account for this increased effect with increas- 
ing substitution, but the same thing was observed among the oxidation- 
reduction potentials of substituted phenanthrenequinones.12 

0 602 0 820 (0 6 9 3 )  

Fig. 4.-Critical oxidation potentials of phenols. 

The next comparison is of the phenols derived from the various aromatic 
hydrocarbons, and the data are recorded in Fig. 4. According to  the 
potentials, the substances fall into definite groups. The four phenols at 
the top differ relatively little in potential; they are structurally similar 
in that the oxidizable group is either in the unreactive 8-position to  a 
second benzene ring, or else no such ring is present. This may be called 
the pnaphthol type. The second group consists of a-naphthol, l-phenan- 
throl and 9-phenanthrol, and their potentials are all nearly 0.2 v. lower 
than those of the compounds of the P-naphthol type. In each of these 
three substances the hydroxyl group is adjacent to a benzene ring, which 

l2 Fieser, THIS JOURNAL, 51, 3101 (1929). 
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is thus in a position to exert an activating influence. In these two series 
the nature of the hydrocarbon skeleton appears to be of little consequence 
and the dominating influence is that which may be exerted by an adjacent 
aromatic nucleus. 

I n  the last line are to be found results for three anthracene derivations. 
On account of the uncertainty introduced by its extensive ketonization, 
the value for anthranol is not reliable. The figures for a- and P-anthrol 
clearly show that neither compound fits into the a- or P-naphthol series. 
It will be observed, however, that each is lower in potential than the corre- 
sponding naphthalene derivative by almost exactly the same amount, 
0.195 v. for the a-derivative and 0.197 v. for P-anthrol. The difference 
between the a- and P-positions of anthracene is thus the normal one, but 
in this case the hydrocarbon structure appears to have a specific activating 
influence which is quite appreciable. This influence may be related to the 
other unique properties of anthracene. 

Another interesting comparison is that given in Table VIII, which gives 
the potentials for a few secondary amines which result from the replace- 
ment of one of the amino hydrogen atoms of aniline by various groups. 
Alkyl groups cause a rather slight lowering of the potential, indicating that 
they tend to weaken the nitrogen-hydrogen linkage; the unsaturated 

TABLE VI I I  

THE EFFECT OF N-SUBSTITUTION ON THE CRITICAL OXIDATION POTENTIAL OF ANILINE 

Subst. CaHsN=N- CaHsCHz- C H s  C2H5- CsH5- CGH~CH=N- 
 effect,^. -0.077 -0.078 -0.082 -0.097 -0.127 -0.344 

phenyl group has an effect which is similar but greater, while the presence 
of a carbon-nitrogen double bond adjacent to the oxidizable group appears 
t o  produce a very marked change in the potential. In  view of this fact, 
i t  appears odd that the azo group of diazoaminobenzene has such a mod- 
erate influence. 

Some Theoretical Speculations 
It is evident that, on the whole, the critical oxidation potentials of a 

large number of substances reveal many regularities and reasonable re- 
lationships; the constant responds just as well to this criterion of relia- 
bility as i t  does to specific experimental tests. We thus feel confident 
that this new constant gives a dependable, if approximate, indication of 
the relative normal potentials of the compounds concerned and that it 
may be taken as a true measure of the tendency of a given substance to 
become oxidized. Because of this demonstrated reliability, we shall now 
venture to present a few deductions of a somewhat speculative nature. 

1. The Possibility of Quinone Formation.-The property of forming 
a quinone on oxidation is not shared by all dihydroxyl derivatives of the 
aromatic hydroc:arbons, and it is important to determine the requirements 
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for this type of reaction and the limitations. Whether or not 2,3-dihy- 
droxynaphthalene possesses this property is a question which has received 
considerable attention and one to which some of the present results may 
be applied, for the ability of a substance to ~ ie ld  a quinone, azo com- 
pound or similar oxidant, rather than a univalent radical, appears to be 
reflected in the potential. 

With resorcinol (I\?) the formation of a quinone is impossible and the 
relation of the potential to that of phenol gives a measure of the effect 
of one meta hydroxyl group. The potential of the monomethyl ether, 

E, = 1.043 v. E, = 1.052 v. E, = 0.742 v. E, = 0.868 v. 
IV v VI VII  

V, gives a measure of the influence of a meta methoxyl, and it will be ob- 
served that the effect is practically the same for these two groups. Turn- 
ing to the ortho derivatives, catechol (VI) would be expected to have a 
potential very close to that of guaiacol (VII) if the oxidation involved a 
single hydrogen atom and the formation of a univalent radical. The ob- 
served potential, however, is very much below that of guaiacol, and the 
obvious reason for this is that the oxidation of catechol is different and 
results in the formation of a quinone. Even the transitory existence of 
the most unstable of quinones should affect the potential in this way. 

A further example of the manner of applying this criterion of quinone 
formation is the case of the oxidation of 2,6-dihydroxynaphthalene (VIII). 
If this substance is to be imagined as a 8-naphthol derivative which will 
become oxidized a t  a single hydroxyl group, we need a means of predict- 
ing the effect on this oxidation 

E. = 0.690 v. E, = 1.007 v. E, = 1.017 v. E, = 0.812 v. 
VIII  I X  X X I  

of the hydroxyl in the second nucleus. A comparison of 2,7-dihydroxy- 
naphthalene (IX) with 8-naphthol (X) indicates that this effect ordi- 
narily is practically negligible. The potential of VIII, however, is not 
a t  all close to that of 8-naphthol, but far below it. This may be inter- 
preted as the result of the formation on oxidation of the highly unstable 
amphi-naphthoquinone. 

The possible existence of "2,3-naphthoquinone" may now be considered. 
The oxidation potential of 2,3-dihydroxynaphthalene (XI) is only 0.205 V. 
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below that of P-naphthol (X). It has been shown that the effect of a 
hydroxyl group is about the same as that of a methoxyl, where the oxi- 
dation is of the univalent type, and it is known that the effect on the po- 
tential of phenol of an ortho-methoxyl group is 0.221 v. The value is 
so close to the difference between X and X I  that a completely adequate 
conception of the potential of XI is given by the assumption that the oxi- 
dation is of the univalent type, that it is simply an ortho substituted 
naphthol which cannot form a quinone. 

The opposite decision is reached in the case of 1,s-dihydroxy-naphthalene 
(XII). A comparison of the ether, XIII, with a-naphthol (XIV) indi- 

OH OH OH 

I I 

OH OCHI 
E, = 0.673 v. E, = 0.792 v. E, = 0.797 v. 

XI1 XI11 XIV 

cates that a methoxyl in the 5-position, and hence by inference a hydroxyl 
in that position, has little effect upon the potential for the oxidation at  
the single hydroxyl group in the 1-position. Since the potential of 1,5- 
dihydroxynaphthalene is 0.124 v. below that of a-naphthol, it  must be 
concluded that the oxidation is not similar to that of a-naphthol and that 
a quinone is formed, however brief its existence. 

In the phenanthrene series it is found that an hydroxyl group in one 
terminal ring has little influence on the potential of oxidation a t  an hydroxyl 
in the other terminal nucleus. The 2,6-dihydroxy derivative (XV) is 

F(->-?. c>-- - \-> //-\-/->\ /n\ 
HO HO \OH O /  >-' '-<o 

E, = 1.010 v. E, = 0.832 
xv XVI XVII 

to be regarded as a substituted 3-phenanthrol, and its potential is prac- 
tically identical with that of this compound. On the other hand, the 
potential of the 3,6-derivative (XVI) is well below that for its isomer 
and this suggests that the quinone, XVII, is the primary oxidation product. 
Preliminary qualitative tests with 3,6-dihydroxyphenanthrene have failed 
to reveal any indication of the formation of a quinone,13 but this prob- 
lem will now bear closer study. 

2. The Nature of the Compounds of the Hydroquinone Type.-Some 
comparison of the systems involving one and those involving two hydro- 
gens in the oxidation process has been made above in a qualitative way, 

l8 Fieser, THIS JOURNAL, 51, 2480 (1929). 
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but when a closer relationship between the two types is desired, the criti- 
cal oxidation potentials do not furnish an adequate basis for comparison. 
This can only be obtained through a knowledge of the normal potentials 
and the free energies of the oxidation. 

I t  has been shown that for a few substances of the hydroquinone type 
it is possible to relate the critical potential (E,) to the normal potential 
(230) experimentally. On the average, the former is 0.068 v. below the 
latter. From the electrode equation, which must apply to Ec as well as 
to any potential of the system, one may write 

E, - EO = -0.068 = 0.02957 log [Oxid.]/[Red.] (3) 

A calculation from this equation shows that the potential represented 
by Ec corresponds to a point a t  which 0.5 part of the oxidant is in equilib- 
rium with 99.5 parts of the reductant; in other words, we have deter- 
mined in E, the potential at which 0.5% of the reductant becomes oxi- 
dized in five minutes. Though the amount is quite small, i t  appears that 
this represents quite closely the extent of the reaction in each case. 

The difference, E, - Eo, was determined for systems with which two 
hydrogens are removed on oxidation, hence the difference would not be 
the same where a monatomic phenol or amine is concerned. In the latter 
case the equation becomes 

E. - Eo = 0.05915 log [Oxid.]/[Red.] (4) 

The experiments, however, establish that the reaction proceeds to the 
extent of 0.5% in five minutes. We have shown that the variation in 
the rate of the reaction is insignificant when the rate is so very small and 
we are thus justified in assuming that the extent of oxidation would be 
very nearly the same for all similar systems. Since there is an abundance 
of evidence to show that the hydroquinone-quinone and arol-aroxyl 
systems are entirely similar, we may assume 0.5% reaction for the latter 
system and thus calculate from Equation 4 that the difference between 
E, and Eo is 0.136 v. We regard this value, which gives a means of esti- 
mating the normal potentials for the systems containing radicals, as un- 
certain only to the extent that it is an approximation which may be sub- 
ject to some revision as more data accumulate. 

Having a method of estimating approximate values for the normal 
potentials, the free energy changes in the oxidations can be calculated. 
Thus for phenol the critical potential is 1.089 v., hence the normal po- 
tential for the phenol-phenoxyl system is 1.089 + 0.136 = 1.225 v. The 
normal potential for the quinone-hydroquinone system is 0.715 v. The 
free energy changes are as follows 

AF = 33.0 Cal. AF = 28.3 Cal. 
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Not much more energy is required for the removal of two hydrogens from 
hydroquinone than for the oxidation of the single hydrogen of phenol. 

One interesting application of these calculated free energy changes is 
to the question of the possibility of carrying out the step-wise oxidation 
of hydroquinone. Estimates of the free energy changes for the removal 
of each hydrogen atom may be made in the following way. Considering 
the first step in the reaction, hydroquinone may be regarded as a substi- 
tuted phenol which is converted into a univalent radical. The hypotheti- 
cal critical potential for this oxidation would be close to that of its mono- 
methyl ether (E, = 0.848 v.), and one can estimate from the known re- 
lationship between hydroxy and methoxy compounds (resorcinol and its 
ether) that the value would be 0.839 v. The normal potential would be 
0.136 v. greater, or 0.975 v., and the increase in free energy 22.5 Cal. 
For the complete oxidation of hydroquinone to quinone the energy change 
is 33.0 Cal. The difference between these quantities gives the free energy 
change in the second step of the process. We may thus write 

AF = 22.5 Cal. AF = 10.5 Cal. 

This shows that considerably less energy is required for the removal of 
the second hydrogen atom than for the first. If the energy level in a given 
oxidation experiment is great enough to produce the radical, i t  will be more 
than sufficient to complete the oxidation. The free radical is thermo- 
dynamically unstable except when i t  is present a t  very low concentrations. 
If i t  were possible to prepare it by some other method, it would dispro- 
portionate to give quinone and hydroquinone. The situation may be ex- 
pressed in terms of the equilibrium constants of the two reactions (3 X 10-l7 
and 2 X lo+), and it may be shown that the concentration of the radical in 
a solution containing 0.1 M each of quinone and hydroquinone is 4 X 

By following similar processes of reasoning we have estimated the corre- 
sponding free energy changes for other substances which yield quinones, 
and the figures are given in Table IX. 

TABLE IX 
CALCULATED FREE ENERGY CHANGES IN THE OXIDATION OF HYDROQUINONES 

AF, Cal. 
Reductant First hydrogen Second hydrogen 

Hydroquinone 22.5 10.5 
Catechol 23.0 14.4 
2,6-Dihydroxynaphthalene 26.4 8.6 
#,fit-Dihydroxydiphenyl 27.0 17.0 
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Invariably the energy required to complete the oxidation of the radi- 
cal is very much less than that required to produce it. This not only 
serves to explain why radicals or their reaction products (other than 
quinones) have never been observed in the oxidation of this type of com- 
pound, but it also gives a new insight into the nature of these substances. 
When one hydrogen atom has been separated from the hydroxylic oxygen 
atom, the free valence on this oxygen transmits to an ortho or para hydroxyl 
or amine group a reactivity, a mobility, which it did not before possess. 

3. The Effect of Substituents on the Normal Potentials of the Quin- 
ones.-Throughout the entire investigation of the subject named i t  has 
been a perplexing problem to decide whether the observed shifting in the 
normal potential of an oxidation-reduction system as the result of the 
introduction of a substituent group, or of other structural change, is t o  
be regarded as connected with the structural change in the oxidant or in 
the reductant. Thus the normal potential of the quinone-hydroquinone 
system is lowered 0.121 v. by the introduction of a methoxyl group;14 
but there has been no way of telling whether this pronounced change re- 
sults from the fact that the methoxyl group weakens the oxygen-hydro- 
gen bond of the hydroxyl groups of hydroquinone, or if it is because of an 
effect of this group on the unsaturated system of quinone, causing the 
molecule to have a diminished tendency to add hydrogen in the 1,6-po- 
sitions. Possibly both factors are of importance. On account of the 
great contrast in the structure of the oxidant and reductant, oxidation 
cannot be visualized as the exact reverse of reduction. This is, however, 
true of the oxidation of a phenol to a free radical, for each substance re- 
tains the truly aromatic structure and it is immaterial whether one con- 
siders the activation of the functional hydrogen atom of the reductant 
or the affinity of the univalent oxygen atom of the oxidant for hydrogen. 

One may compare guaiacol with phenol and thus obtain a difference in 
the free energy changes which represents the effect of the methoxyl group 

OH 0---- 
I flR - - (y - A F  R = H :  28.3 

+ 'lzHn ( ~ ~ 1 . 1  ( R = OcH,: 2 3 . 2  
\/ \/ Difference = 5.1 

The effect of the methoxyl group in guaiacol, which is thus determined, 
must be very nearly the same as the effect of that group on the hydroxyl 
group ortho to it in methoxyhydroquinone. The influence of the substitu- 
ent on the second hydroxyl group cannot be very great, because this 
group is in the meta position and groups which are meta to each other 
have very little effect on one another. A comparison of the hydroquinone 
system with the methoxy-substituted system gives the following results 

l4 The value for the normal potential of methoxyquinone (0.594 v.) was kindly 
supplied by Dr. J. B. Conant. 
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Difference = 5.6 

The effect of substitution is hardly any greater than that found above 
for guaiacol, and this means that almost the entire change brought about 
by introducing this group is to be attributed to the influence of that group 
on the character of the hydroquinone, and that the change produced in 
the quinone molecule is relatively insignificant. 

The inference which the present results suggest, namely, that the nor- 
mal potential of a quinone-hydroquinone system is influenced much more 
by the change produced in the reductant as the result of substitution than 
by the corresponding change in the oxidant, is an important one and one 
which will be investigated further. 

While the effect of simple substitution now appears traceable largely 
to the character of the hydroquinone in question, there can be no doubt 
that the influence of some structural changes must be attributed to the 
nature of the quinone in question. Thus, for example, the pronounced 
difference in the normal potentials of the quinone-hydroquinone and the 
o-benzoquinone-catechol systems results from a difference inherent in 
the two quinones and not in their reduction products, for there is good 
evidence that ortho and para substitution produce the same effect on the 
oxidation potential of a phenol. 

4. The Relationship between Various Oxidizable Substances.-With 
the information supplied by the present study of phenols and amines, 
we are in a position to understand somewhat better the relationship be- 
tween the various types of compounds which yield more or less stable 
oxidation products by the loss of two hydrogen atoms. 

Since a given primary amine is oxidized only a t  a potential higher than 
that required for the oxidation of the corresponding phenol, we may con- 
clude that the hydrogen is the more firmly bound in the primary amino 
group. This gives a rational explanation of the fact that the normal 
potential of the hydroquinone-quinone system is progressively increased 
by the substitution of amino and imino groups for the hydroxyl and ke- 

NHCeHa N H - - ~ ~ ' - O H  L/ $ 6 0  OH OH (1 
OH OH 

Eo = 0.715 V. Eo = 0.733 V. Eo = 0.703 V. Eo = 0.656 V. 
XVIII XIX XX XXI 
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tone groups, respectively (Compare XVIII and XIX).' That diphenyl- 
amine is lower in potential than aniline accounts for the relationship be- 
tween XIX and XX. The structural difference between XX and XXI 
is that the latter substance has one additional para hydroxyl group. 
Since such a group has been found to impart a considerable mobility to 
a hydroxylic or amino hydrogen, the shifting of the potential of the system 
of which XXI is the reductant to a lower level is easily understood. Thus 
the systems from the quinones, the quinone-imines and di-imines, the 
quinone-anils, the indophenols and indamines are all closely related to  
one another and in a qualitative way their relative potentials are now 
understood. 

On considering the structures of hydrazobenzene and phenylhydroxyl- 
amine, which form systems with azobenzene and nitrosobenzene, respec- 
tively, one is impressed by the relationship of these substances to  p- 
aminodiphenylamine and to paminophenol. The first two compounds 

OH 
Eo = 0.420 v." E~ = 0.751 v. Eo = 0.562 v. Eo = 0.727 v. 

XXII XXIII XXIV XXV 

are amines in which there is, adjacent to the amino group, a group which 
appears to impart a considerable reactivity to the amino hydrogen. Once 
this hydrogen has been removed by oxidation, the resulting free valence 
in turn aids in the immediate oxidation of the group which caused the 
activation. The other two substances, XXIII and XXV, are exactly 
similar except that their activating group which eventually becomes oxi- 
dized is across the benzene ring from the first group, rather than adjacent 
to it. One may roughly estimate how the activating effect of a group 
would compare when it is in these two situations by considering the criti- 
cal potentials of aniline (1.135 v.), N-methylaniline (1.053 v.) and P- 
toluidine (1.077 v.). Attaching the methyl group to nitrogen, and sub- 
stituting i t  in the para position, both cause a lowering in the potential 
but the effect of N-substitution is the greater of the two. Consequently 
it is understandable that the potentials for hydrazobenzene and phenyl 
hydroxylamine are lower than those for their isomers. 

5. A Possible Reason for Certain Molecular Rearrangements.-The 
comparisons which have just been made suggest an interesting relation- 
ship in the field of the molecular rearrangements. This can be made 

l6 This value is estimated from the potentials for 3,3'-diaminoazobenzene (0.4095 
v.) and azobenzene-4,4'-disulfonate (0.424 v.). Compare: Biilmann and Blom, J. 
Chem. Soc., 125,1719 (1924); Conant and Pratt, Ref. 8d. 
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clear by the following statements. Under certain conditions N-methyl- 
aniline (E, = 1.053 v.) can be caused to rearrange into p-toluidine (E, = 

1.077 v.); phenylhydroxylamine (Eo = 0.562 v.) yields p-aminophenol 
(Eo = 0.733 v.); the hydrazobenzenes (hydrazobenzene, Eo = 0.420 v.) 
rearrange either to benzidines (benzidine, Eo = 0.921 v.16), or semidines 
(p-aminodiphenylamine, EO = 0.751 v.). In each case the rearrangement 
involves the formation of a less oxidizable isomer, a substance of higher 
potential. The converse of this proposition appears equally true as, for 
example, in the case of the rearrangement of acetylquinonephenylhydra- 
zone, XXVI, into acetoxy-azobenzene, XXVII. From the known po- 

COCHB COCH, 

XXVI XXVII 

tentials for quinone-imines and for azo compounds it is quite safe to assume 
that the azo compound has the lower reduction potential, so that the 
change represented here is from one reducible substance to an isomer 
which is less reducible. This reaction constitutes one of the few excep- 
tions to Latimer's theory of molecular rearrangements,17 and yet i t  falls 
into line with the other reactions noted. It has been shown that a given 
reducible substance tends to tautomerize, if this is possible, into a less 
reducible form, a form of lower reduction potential.18 There is a sugges- 
tion in the present observations that a given reducible (or oxidizable) 
substance possesses a tendency to rearrange, where possible, into an 
isomeric form which is less reducible (or oxidizable). 

Experimental Part 
Buffer Solution.-The solvent employed in all of the experiments was 0.038 M in 

potassium dihydrogen phosphate and 0.067 M in disodium hydrogen phosphate, and 
contained approximately 37% of alcohol. I t  was prepared by diluting 534 cc. of a 
solution 0.07 M in potassium dihydrogen phosphate and 0.105 M in disodium hydrogen 
phosphate to a volume of 1 liter with 95y0 alcohol. When diluted with water instead 
of alcohol, the solution had a PH value of 7.04. The alcoholic solution contains about 
the maximum quantity of salts, and crystallization is likely to occur if it is allowed to 
stand for any length of time a t  a temperature below 25". 

Potassium Molybdocyanide, K4Mo(CN)~.2HzO.-After carrying out several 
preparations of this material according to the method outlined by Rosenheim,'S the 
following procedure was adopted as being rapid and reliable. 

One hundred grams of molybdic acid (85% MOOS) and 210 cc. of concentrated 
hydrochloric acid were added to a solution of 210 g. of sodium thiocyanate in 1.2 liters 
of water and the mixture was boiled under the reflux condenser for three hours. The 
deep red solution of the basic molybdenum-IV-thiocyanate was filtered by suction and 

l6 Clark, Cohen and Gibbs, Supplement No. 54 to Pub. Health Repts. (1926). 
l7 Latimer, T H I S  JOURNAL, 51, 3185 (1929). 
18 Fieser, ibid., 50, 439 (1928). 
lY Rosenheim, 2, anorg. Chem., 54,97 (1907) ; see also, ibid., 49, 149 (1906). 
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60 cc. of pyridine was added slowly to the well-stirred solution. A dark red oil was thus 
precipitated, and toward the end of the addition a light yellow solid began to separate. 
On thorough cooling in an ice-bath the red oil solidified (dry weight, 148 g.). Without 
drying the product or breaking up the lumps the pyridine compound was stirred into a 
solution of 300 g. of potassium cyanide in 500 cc. of water. Noxious gases were evolved 
and the material rapidly dissolved to give a solution which was first green and then 
yellow-brown, The mixture was heated on the steam-bath and stirred for one-half 
hour, filtered from a certain amount of black material, and evaporated on the water- 
bath until a large crop of amber-colored crystals had separated. After cooling, the 
material was collected and washed with a small amount of potassium chloride solution. 
The crystals collected in this way were usually contaminated with a considerable amount 
of black material, but the latter is not soluble in water and is easily removed. The crude 
product was dissolved in warm water, the solution was treated with animal charcoal, 
filtered, and to it there was added one to two volumes of alcohol. The potassium 
molybdocyanide soon separated in the form of golden-yellow crystals of great purity; 
yield, 100 g. Further evaporations of the cyanide mother liquor yielded, after two or 
three recrystallizations, 9 g. more of the pure product. 

Potassium Molybdicyanide Solution, K3Mo(CN)e.-Oxidation to the pentavalent 
cyanide was carried out according to Olss0n.~0 A solution of 4.4 g. of potassium molybdo- 
cyanide in 20 cc. of water and 10 cc. of 6 N sulfuric acid was titrated with a 10% 
solution of potassium permanganate until a pink color indicated complete oxidation. 
Fifty cc. of 10yo silver nitrate solution was then added to precipitate the molybdicyanide 
in the form of the fine, brown-red silver salt. This was collected on a Biichner funnel 
washed with water, suspended in 50-100 cc. of water, and treated with 50 cc. of 10% 
potassium chloride solution. By shaking the mixture vigorously in a stoppered flask 
the silver salt was soon decomposed. The solution was filtered by suction from the 
silver chloride, clarified with animal charcoal and diluted to a volume of 250 cc. As 
the pentavalent molybdenum compounds are sensitive to light, the above operations 
were carried out in the dark-room. 

The strength of the molybdicyanide solution was determined by electrometric 
titration with potassium ferrocyanide, and it was found to vary from 0.032 to 0.034 M. 
The solution was diluted to 0.030 M and stored in the dark. The fresh solution always 
contained a small amount of molybdocyanide, as revealed by the titration curve, and 
when exposed to the light of the laboratory the concentration of molybdicyanide de- 
creased a t  the rate of about 0.2% per hour. 

Potassium Ferricyanide and Ferrocyanide Solution.-These solutions were pre- 
pared by dissolving 0.03 mole of the salt in 200 cc of water and diluting to 1 liter with 
the alcoholic buffer solution. The solutions decompose slowly and should be rejected 
after the second day. 

Procedure for the Determination of Critical Oxidation Potentials.- 
The five reversible oxidation-reduction systems which were employed as 
reference systems are listed in Table X. Since the potentials of the com- 
plex cyanides vary considerably with dilution, it was essential to deter- 
mine the normal potential under conditions comparable with those of the 
oxidation tests. For this purpose 20 cc. of the 0.03 44 potassium ferro- 
cyanide solution was added to 200 cc. of the buffer solution and titrated 
electrometrically with 0.03 M molybdicyanide solution, giving a curve 
from which the normal potential could be calculated. The potential of 

M Qlsson, Ber., 47, 917 (1914). 



LOUIS F. FIESER 

TABLB X 
NORMAL POTENTIALS OF'THE REFERENCE SYSTEMS 

0.0016 N solution of oxidant and reductant in neutral alcoholic phosphate solution 
- - - - - - -E-7 

System, named as reductant Abbreviation 25' 40. 

Potassium molybdocyanide Mo 1.1160 1.111 
Potassium tungstocyanide W 0.8450 0.833 
Potassium ferrocyanide Fe .7965 .786 
)-Hydroxydiphenylamine A .7030 . . 
2,4-Diaminodiphenylamine B .6090 . .  

the oxidation-reduction half-cell was measured against a hydrogen elec- 
trode immersed in some of the same solvent, and the value found when 
[Oxid.] = [Red.] is that reported as the normal potential. In the case 
of potassium tungstocyanide, a solution of 0.0006 M of the salt in 20 cc. 
of water was added to 200 cc. of the buffer solution and titrated with po- 
tassium molybdicyanide, while 0.0003 M of each of the organic compounds 
was dissolved in 220 cc. of the solution and titrated with the same reagent. 
The potential of the molybdicyanide-molybdocyanide solution was de- 
termined by titration of the oxidant with ferrocyanide solution and cor- 
recting the titration curve for a small amount of the reductant which was 
invariably present. 

The molybdenum system reaches a constant potential with great rapidity 
while such constancy is reached relatively slowly in the case of p-hydroxy- 
diphenylamine and, when the proportion of the reductant is small, with 
the complex cyanides of iron. Solutions of 2,4-diaminodiphenylamine 
should be protected from the air, for the rate of oxidation is sufficient 
to cause trouble. 

The potentials recorded in the table are all subject to a slight inac- 
curacy owing to the fact that i t  was necessary to prepare the 0.03 M 
complex cyanide solutions either with water (Mo, W) or with a mixture 
of water and buffer solution (Fe), rather than with the latter solution alone. 

In  performing the oxidation tests the solutions were prepared in exactly 
the same manner, and with the same amounts and concentrations, as in 
these determinations of the normal potentials, but the titration was dis- 
continued when the desired potential had been reached. The relation- 
ship between the potential of the system and the ratio of oxidant to re- 
ductant is conveniently expressed in the form of a large graph.showing 
the potential plotted against Equivalents of oxidant X lo6. When com- 
pletely oxidized, each solution contains 6 X equivalent of the oxi- 
dant, and the curves may be constructed'from the normal potentials given 
and the theoretical equations. Having titrated a solution to  the po- 
tential desired, the number of equivalents of oxidant present was found 
by reference to the chart and the equivalent amount of the substance 
to be studied was dissolved in 30 cc. of the buffer solution. While re- 
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leasing the stop watch, this solution was poured through a funnel into the 
oxidation-reduction vessel (three seconds required for the addition) and 
the potential was recorded after one minute and after five minutes. When 
a progressive drop in potential occurred, the extent of the reaction after 
five minutes was determined from the potential at  that time and the chart. 

It was usually necessary to apply a correction to the potentials actually 
noted after adding the sample under investigation. In most cases i t  was 
observed that a t  potentials well below that at which oxidation quite 
evidently occurred, the potential dropped almost immediately about 1 
mv. and then remained constant indefinitely. Such a drop in potential 
can hardly be indicative of an oxidation, for such a reaction is not instan- 
taneous and proceeds a t  a regular rate. As will be shown later, the po- 
tential is decreased to a certain extent as the result of diluting the solu- 
tion of the reference system by the addition of the sample, but this does 
not account for the entire effect. It is probable that a further factor 
is the change in the activities of the oxidant and reductant produced by 
the organic material added. A correction for the effect was applied in 
the following manner. With each substance studied experiments were 
carried out at  such a potential that this small change in potential during 
the first minute to a constant value could be observed, that is, a t  a po- 
tential 5-10 mv. below that fixed for E,. This change in potential was 
then subtracted from the initial potential of the solution in each of the 
other experiments with the compound in question, for the same drop, 
which is not due to oxidation, must occur in each case. In calculating 
the percentage oxidation these corrected potentials were employed. The 
correction was greatest with the molybdenum system, amounting usually 
to about 2 mv., and it was scarcely perceptible with the organic systems. 

The Use of Various Reference Systems and the Effect of Changing 
the Concentrations.-The procedure may be illustrated by quoting in 
full the measurements with a-naphthol at  25'. In Series I, Table XI, 
the first two experiments show that the potential of the ferri-ferrocyanide 
system falls 1 mv. on adding one equivalent of a-naphthol and then re- 
mains constant. In the next experiment the potential might be expected 
to fall 1 mv. whether or not a reaction occurs; the corrected initial po- 
tential is thus 0.7985 v. But the potential falls progressively, hence .a 
reaction occurs a t  this potential level. From the corrected initial poten- 
tial and the potential at  the five-minute interval it was calculated that 
1.5% of a-naphthol was oxidized during this period of time. On plotting 
the corrected initial potentials against the percentage oxidation for the 
entire series, a value of 0.796 v. was found for the critical oxidation po- 
tential. It should be noted that the second and third experiments fix 
this value as between 0.7930 v. and 0.7990 v. and that the remaining ex- 
periments serve merely to give a means of interpolating accurately be- 



5230 LOUIS F. FIESER Vol. 52 

Potential of reference system v. 
Initial Initial (corr.) 1 Min.  in. % oxidation 

0.7864 0.7854 0.7854 0.7854 0 .0  
.7940 .7930 ,7930 .7930 . O  

Series I .NO0 .7990 .7990 .7980 1 .6  
System: Fe .8113 .8103 ,8100 .8070 4.7 

.8210 .8200 .8185 .8120 9.9 

. a 2 1  ,8311 .8260 ,8150 15.0 

Series 11. Duplicate of I. E, = 0.796 v 

0.7915 0.7905 0.7905 0.7905 0 .0  
,8052 .SO42 .8041 ,8037 2 .8  

Series I11 ,8132 .8122 ,8115 .8105 5 .2  
System: W .8214 .8204 ,8198 .8167 10.8 

.8273 .8263 .8236 .8200 16.8 

.8306 .8296 .8283 .8222 18.2 

E, = 0.798 v. 

Series IV 0.7913 0.7913 0.7913 0.7913 0.0 
System: Fe .8057 .SO57 .8053 ,8040 2 .3  

.8156 ,8156 ,8147 .8113 5 .8  
Using one-half the usual .8192 .8192 .8178 ,8116 9.4 

quantities of oxidant .8233 .8233 .8218 .8143 10.2 
and of a-naphthol .8328 . a 2 8  .8295 .8174 13.2 

,8515 .8515 .8330 .8160 23.3 

E, = 0.799 v. 

tween these figures. The second series of experiments is that referred 
to  in the first part of this paper. In connection with Series I11 it  may 
be pointed out that the normal potential of the tungsten system differs 
considerably from that of iron, which means that the amount of oxidant 
present a t  a given potential was less than half that used in Series I. In 
spite of this differeace, the percentage oxidation a t  a given potential was 
only slightly greater and very nearly the same result was obtained for E,. 
Series IV shows that halving the concentrations of both the oxidant and 
the a-naphthol does not materially alter the value for E, or the percent- 
age oxidation at a given potential, 

In deciding upon a time interval a t  which to compose the extent of oxi- 
dation a t  different potentials it was felt that, aside from the theoretical 
considerations which have been mentioned earlier, this interval should 
be fairly short in order to avoid secondary oxidations and in order that the 
potential of the reference system should not fall so far as to diminish 
greatly the initial driving force of the reaction. Comparison of the re- 
sults for the one-minute and the five-minute intervals showed that the 
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latter were much more consistent and regular, and this period of time 
was thus adopted for all of the experiments at  25'. 

The Effect of Varying the Ratio of Oxidant to Substance Oxidized.- 
In each of the experiments just described the amount of a-naphthol taken 
was that equivalent to the oxidant of the reference system. Since there 
is no theoretical reason for preferring this particular ratio, experiments 
were undertaken to determine the effect of varying the ratio indicated. 
Table XI1 summarizes the critical oxidation potentials found for six com- 
pounds under different conditions of concentration. Each figure repre- 
sents the results of extrapolating a curve constructed from the results 
of five or six experiments similar to those described above. The total 
amount of the reference system was kept the same (0.0006 mole), and the 
amount of the sample was varied in each series in the proportions shown 
in the Table. Though the results are not recorded in detail, i t  may be 

Reference B. (v.) when equiv. ratio of oxidant to sample was 
Compound system 1:05 1:l 1:2 1:3 1:4 

Aniline Mo 1.137 1.135 1.121 1.116 . . .  
P-Toluidine Mo 1.080 1.077 1.063 1.059 . . .  

. . .  . . .  p-Cresol Mo 1.038 1 .023 1.021 
@-Naphthol Mo . . .  1.016 1.006 . . .  . . .  

. . .  . . .  Aesculetin Fe 0.766 0.759 . . .  
Catechol Fe ... .754 .742 0.739 ... 

said that it was invariably found that as the proportion of the sample 
to the oxidant was increased, the percentage oxidation at  a given potential 
above the critical potential became progressively less. That is, a greater 
percentage of the sample was oxidized in five minutes when the total 
amount of substance was small than when a large excess was present. 

The results show that E, decreases as the relative amount of phenol 
or amine is increased. This is in accord with the prediction from the 
electrode potential equation. The greatest difference seems to occur 
between the results for the 1:l and the 1:2 ratios, though the difference 
appears to be fairly constant (av., 12 mv.) for all six compounds and to  
be independent of the nature or the potential of the reference system. 
The results in themselves furnish no basis for preferring any particular 
set of conditions for carrying out a large number of determinations, and 
considerations of a practical nature governed the choice. Several of the 
compounds which it seemed desirable to study are so sparingly soluble 
in the buffer solution employed that it would not be possible to adopt 
the concentrations called for by the higher ratios. Thus in all subsequent 
evaluations of critical potentials the 1:l ratio was adopted. 

General Application of the Method.-On the basis of the orienting 
experiments which have been described, the following general procedure 
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was adopted as being that most suitable for a wide survey of oxidizable 
substances. A solution of 0.0006 equivalent of the completely oxidized 
or reduced form of the reference system in 220 cc. of the alcoholic buffer 
solution (or in a mixture of 200 cc. of this solution and 20 cc. of water) 
was titrated to the potential desired with a suitable reagent. The sub- 
stance to be studied in amount equivalent to the oxidant present, and dis- 
solved in 30 cc. of buffer solution, was added, the percentage oxidation 
a t  five minutes was determined and the critical potential found in the 
usual way. 

In  studying ortho or para dihydroxy or diamino compounds, and sub- 
stances of similar structure, it was assumed that the primary oxidation 
is of the 2-hydrogen type. Thus for each mole of a complex metal cyanide 
one-half mole was taken of catechol, pyrogallol, p-phenylenediamine, 
1,s- and 2,6-dihydroxynaphthalene, p,p'-dihydroxystilbene, p-hydroxy- 
phenylglycine and similar substances. The percentage oxidation in these 
cases was calculated on the basis of the assumption made. 

A complete record of the experiments will not be given, but rather a 
summary of the significant results. In Table XIII, under the symbol 
E, there is given for each cornpor~nd the initid potentials of the reference 
system, corrected for the drop observed when no progressive reaction 
occurred, and the corresponding percentages of oxidation observed in 
five minutes ("% Oxid."). The correction applied ("Corr.") and the 
critical oxidation potential, E,, follow these figures. In the one or two 
cases in which it was not possible to determine the magnitude of the cor- 
rection term, this was estimated from the behavior of similar compounds 
under similar conditions. 

Though experiments quoted above indicate that about the same amount 
of a-naphthol is oxidized a t  a given potential by either potassium ferri- 
cyanide or potassium tungsticyanide, there is little assurance that this 
would be true in every case, and thus it was considered advisable to use 
a single reference system in determining the potential for each substance 
studied. The nature of the reference system employed is indicated in 
the heading of each small table, using the abbreviations listed in Table X. 

The majority of the compounds studied are simple substances which 
are easily obtainable in a state of purity. Many of them, purchased from 
the firms of Kahlbaum, Schuchardt and Eastman, required no further 
purification. A few of the compounds have been described in recent 
publications of the author, others were supplied by the E. I. du Pont de 
Nemours & Company, while some were prepared according to known 
methods. In each case the sample was purified until it corresponded to the 
literature description of the pure material, and it does not appear necessary to 
record the physical constants. While the present method of determining 
oxidation potentials makes some use of the velocity of oxidation, it is very 
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improbable that catalysts would appreciably influence the results. It 
is conceivable that one sample of a phenol might contain a catalyst which 
would accelerate the oxidation and that the slope of the percentage oxi- 
dation-potential curve would be different from that obtained with the 
pure compound, but the extrapolations to the point of zero oxidation 
should give very nearly the same results in each case. 

TABLE XIII 
CRITICAL OXIDATION POTENTIALS AT 25 O 

I. PHENOLS 

Phenol o-Cresol p-Cresol 
E, Afo, v. % oxid. E, Mo, v. % oxid. E ,  Mo, v. % oxid. 

1 0875 0.0 1.0313 0.0 1.0293 0.0 
1 0935 4.5 1 ,0420 2.7 1.0400 3 .8  
1 0995 9 7 1 0469 9 4 1 0465 11.3 
1 1098 14.6 1.0541 14.5 1.0531 24.2 
1.1192 25.8 1.0586 23.3 1.0593 38.6 
1.1375 42.0 

Corr. = 1.5  Corr. = 1.4 Corr. = 2.0 
E, = 1.089 v. E, = 1.040 v. E, =1.038 " 

m-Cresol 2,4-Dimethylphenol p-Hydroxyphenylacetic acid 
E ,  Mo, v. % oxid. E,  W,v. % oxid. E, Mo, v. % oxid. 

1.0765 0.0 0.8877 0.0 1.0467 0.0 
1.0867 7.3 .go23 0.8 1.0452 3 .9  
1.0927 13.5 .9135 1.9 1.0570 7.2 
1.0985 19.8 .9255 3.2 1.0667 12.5 
1.1083 32.8 1.0707 20.6 

1.0770 29.5 

Corr. = 1.5  mv. Corr. = 2.5 mv. Corr. = 1.3  mv. 
E, =1.080v .  E, =0.895v. E, =1.051v .  

p-Hydroxydiphenyl- p,p1-Dihydroxydi- 
methane phenylmethane Saligenin 

E ,  Mo, v. % oxid. E,  Mo, v. % oxid. E,  Mo, v. % oxid. 

1 0466 0.0 1 ,0278 0.0 1.0512 0.0 
1 0537 2.4 1.0414 3.3 1.0582 3 .2  
1 0572 3.4 1.0460 8.1 1.0660 5.0 
1 0620 11.2 1 ,0534 14.6 1.0720 9.2 
1 0734 19.8 1 .0593 23.0 1.0812 10.8 

1 ,0673 47.5 
Corr. = 1 .8  mv. Corr. = 2.2 mv. Corr. = 1.5  mv. 
E, = 1.052 v. Eo =1.038v. E, = 1.052 v. 

o-Hydroxydiphenyl p-Hydroxydiphenyl Guaiacol 
E,  Mo, v. % oxid. E, Mo, v. % oxid. E, Fs, V. % oxid. 

1.0256 0 0 1.0214 0.0 0.8588 0.0 
1.0378 1.7 1.0368 4.0 .8684 .1 
1.0426 3.8 1.0415 6.1 .8748 .2 
1.0478 4.9 1 .0470 12.5 .8780 .5  
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E ,  Mo, v. % oxid. 

1.0556 15.2 
1.0660 34.0 

Corr. = 1.9 mv. 
E, =1.038v. 

Hydroquinone mono- 
methyl ether 

E, Fe, v. % oxid. 

0.8400 0.0 
,8507 .4 
,8561 .7 
.8630 1 .5  
,8738 2.6 

Corr. = 1.7 mv. 
E, = 0 . 8 4 8 ~ .  

p-Hydroxydiphenyl 
ether 

E, Mo, v. % oxid. 

1.0040 2.0 
1.0108 10 . 0 
1.0143 11.1 
1.0185 23.6 
1.0258 29.4 
1.0363 46.4 

Corr. = 1.7 v. 
E, =1.030v. 

Isoeugenol 
E, Fe, v. % oxid. 

0.7535 0.0 
.7600 5 .7  
.7700 13.8 
.7790 25.1 
.7900 34.6 

Corr. = 0.5 mv. 
E, = .757 v. 

2,4,6-Trichloropheno1 
E,  Mo, v. % oxid. 

1.1000 0.0 
1.1103 6.9 
1.1191 9.5 
1.1293 20.9 
1.1390 30.2 

Corr. = 1.7 mv. 
E, = 1.103 v. 

TABLE XI11 (Continued) 
E, Mo, v. % oxid. E, Fe, v. % oxid. 

1 ,0520 23.5 .8848 .9 
1 .0570 37.9 

Corr. = 2.0 mv. Corr. = 1.2 mv. 
E = 1.036 v. E, =0.868v.  

Resorcinolmono- 
methyl ether 

E, Mo, v. % oxid. 

1.0380 0.0 
1.0555 1 .5  
1.0593 4 .8  
1.0622 6 .6  
1.0695 9.5 
1.0787 11.8 

Corr. = 2.0 mv. 
E, = 1.052 v. 

Cresol 
E, Fe, v. % oxid. 

0.8198 0.0 
,8311 .9  
,8398 2.2 
,850 1 3 .7  
.8598 5 .1  

Corr. = 1.2  mv. 
E, =0.825v.  

Corr. = 2.3 mv. 
E, =0.894v.  

Vanillin 
E,  Mo, v. % oxid. 

1 ,0778 0.0 
1.0878 12.7 
1.0985 32.7 
1.1071 48.8 
1.1247 65.5 
Corr. = 2.2 mv. 
E, = 1 . 0 8 0 ~ .  

Pyrogallol dimethyl 
ether 

E,  Fe, v. % oxid. 

0.7510 0.0 
.7643 5 .1  
.7765 16.2 
,7883 27.1 
,7780 38.0 

Corr. = 1 .2  mv. 
E, = 0.760 v. 

Eugenol 
E, Fe, v. % oxid. 

0.7905 0.0 
,8343 .4 
.8398 1.0 
.8485 2.3(5) 
.8585 3.6 
,8698 5.3 
,8863 7.0 

Corr. = 0.7 mv. 
E, = , 8 3 1 ~ .  

p-Dimethylaminophenol 
E, A, v. % oxid 

0.7123 0.0 
.7230 1 . 7  
,7273 6.0 
,7310 7.1 
,7400 8.9 

Corr. = 3.5  mv. 
E, =0.718v.  

Catechol 
E,  Fe, v. % oxid. 

0.7277 0.0 
.7454 2.7 
.7554 9.2 
,7654 16.2 
,7754 24.6 

Corr. = 0.6 mv. 
E0 = ,742 v. 



TABLE XI11 (Continued) 
Resorcinol Nitro-hydroquinone Aesculetin 

E,  Mo, v. % oxid. E ,  A, v. % oxid. E,  Fe, v. % oxid. 

1.0160 0.0 0.6935 0.0 0.7554 0.0 
1.0460 2.8 ,7020 5.2 .7622 3.2 
1.0471 4.0 .7110 10.1 .7698 6.1 
1.0515 8 .8  .7222 12.4 .7797 12.6 
1.0565 12.9 .7297 19.7 .7940 26,7 
1.0659 28.8 .7380 22.0 
1.0790 46.6 
Corr. = 2.0 mv. Corr. = 0.0 Corr. = 0.3  mv. 
E, = 1.043 v. E, = .697 v. E, = .759 v. 

. Phloroglucinol Pyrogallol 
E, Fe, v. % oxid. E,  B, v. 9% oxid. 

0.7980 0.0 0.6052 0.0 
.8207 2.5 ,6132 3.1 
,8330 3 .5  .6188 6.8 
.8520 4.6 .6235 12.9 
.8624 5.5 ,6313 16.6 
.8745 7.0 

Corr. = I .  0 mv. Corr. = 0.0 mv. 
E, = 0.799 v. E, = .609 v. 

11. NAPHTHOLS 

&Naphthol 2-Nitro-1-naphthol 1-Naphthol-2-carboxylic acid 
E,  Mo, v. % oxid. E,  Mo, v. % oxid. E, Mo, v. % oxid. 

0 9935 0.0 1.1285 0 0 1 ,0570 0.0 
1.0167 1.4 1.1442 2 6 1.0692 5 . 5  
1 ,0208 3 .5  1.1505 7.4 1.0728 8.0 
1.0240 5.4 1.1597 17.0 1.0820 19.6 
1.0275 11.4 1.1708 23 2 1 0917 27.0 
1.0370 18.5 

Corr. = 1 . 5  mv. Corr. = 1.8 mv. Corr. = 2.0 mv. 
E, = 1.017 v. E, = 1.141 v. E, =1.065v.  

Sodium 1-naphthol- 5-Methoxy-1- 1,3-Dihydroxy- 1,5-Dihydroxy- 
2-sulfonate naphthol naphthalene naphthalene 

E,  W, v. % oxid. E ,  Fe, v. % oxid. E, Fe, v. % oxid. E,  A, v. % oxid. 

08765 0.0 0.7800 0.0 0.7480 0.0 0 6650 0.0 
,8875 0.7 .7960 1 .5  ,7592 5.4 .6763 4.5 
,8933 1 3 .7990 2 9 ,7692 12.7 .6835 14.1 
.go17 2.2 ,8070 6.7 .7790 23.3 .6876 22.6 
.9113 3.4 .8118 9 .1  ,7980 38.4 .6955 34.4 

.8142 11.0 .7030 46.3 

Corr. = 2.5 mv. Corr. = 1.0 mv. Corr. = 1.0 mv. Corr. 0.0 
E, = 0.881 v. E, = 0.792 v. E, =0.754v. E, = 0 . 6 7 3 ~ .  

2,3-Dihydroxynaphthalene 2,6-Dihydroxynaphthalene 2.7-Dihydroxynaphthalene 
E,  Fe, v. % oxid. E,  A, v. % oxid. E, Mo, v. % oxid. 

0.7965 0.0 0.6860 0.0 1.0065 6 .1  
,8140 .7 .6950 5.7 1.0145 7.0 
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TABLE XI11 (Continued) 
E, Fe, v. % oxid. E, A, v. % oxid. E, Mo, v. % odd. 

.8240 3.7 .7040 14.8 1.0202 13.4 

.8343 5.5 .7120 21.0 1.0249 23.9 

.8438 8.1 .719 30.0 1.0302 30.7 

.8558 11.2 

.8690 13.7 
,8787 15.3 

Corr. = 0.9 mv. Corr. = 0.0 Corr. = 1.5 mv. 
Ec = .812 v. E, = .690 v. E, = 1.007 v. 

Anthranol (anthrone) 
E, A, v. % oxid. 

0.6878 0.0 
.6982 10.5 
.7058 26.8 
.7085 41 .O 

Corr. = 0.0 
Eo = .693 v. 

1-Phenanthrol 
E, Fe, v. % oxid. 

0.8438 0.0 
.8563 .9 
,8675 1.8 
.8896 4.1 

Corr. = 0.9 mv. 
E. = .848 V. 

9-Phenanthrol 
E, Pe, v. % oxid. 

0.7945 0.0 
.8026 2.0 
,8101 2.6 
.8196 6.3 
.8265 7.4 
.833 1 10.9 

Corr. = 0.7 mv. 
Eo = ,798 v. 

111. ANTHROLS 
a-Anthrol 

E ,  B, v. % oxid. 

0.6036 2.5 
.6098 9.1 
.6145 15.2 
.6220 18.8 
.6255 22.4 

Corr. = 0 .o 
E, = .602 v. 

IV. PHENANTHROLS 
2-Phenanthrol 

E, Mo, v. % oxid. 

1.0494 0.0 
1.0584 1.7 
1.0659 8.6 
1.0612 10.2 
1.0707 10.5 
1.0769 29.6 
Corr. = 2.3 mv. 
E, = 1.057 v. 

p-Anthroi 
E, Fe, v. % okid. 

0.8143 0.0 
.8240 3.2 
.8316 4.8 
.8365 7.2 
.8472 14.4 

Corr. = 1.0 mv. 
E. =0.820v. 

3-Phenanthrol 
E, Mo, v. % oxid. 

1.0145 3.6 
1.0195 8.0 
1.0250 21.2 
1.0310 23.4 

Corr. = 2.0 mv. 
E, =1.013v. 

2,6-Dihydroxyphenanthrene 3.6-Dihydroxyphenanthrene 
E, Mo, v. % oxid. E. Fe, v. % oxid. 

1.0000 0.0 0.8224 0.0 
1.0123 6.3 .8321 .4 
1.0178 9.7 .8412 2.7 
1.0247 22.4 .8521 5.0 
1.0315 34.7 .8654 8.1 

Corr. = 2.0 mv. Corr. = 1.3 mv. 
E, = 1.010 v. E, =0.832v. 

V. OTHER HYDROXY COMPOUNDS 

p,P'-Dihydroxydiphenyl @,PI-Dihydroxystilbene Dioxindole 
E, W, v. % oxid. E, Fe, v. % oxid. El, Fe, v. % oxid. 

0.8778 0.0 0.7712 0.0 0.7330 0.0 
.8921 1.6 .7940 5.4 .7465 .6 
,9069 2.7 .7987 6.0 .7566 2.7 
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TABLE XI11 (Continued) 
E ,  W, v. % oxid. E ,  Pe, v. % oxid. E, Fe, v. % oxid. 

.9221 3.7 .8103 13.9 .7695 6.5 
.8223 21.2 .7773 8 0 
.8355 25.4 

Corr. = 2.4 mv. Corr. = 1.0 mv. Corr. = 2.0 mv. 
E, ==0.882v. E, =0.786v. E,  =0.745v.  

VI. AMINES 
Aniline N-Methylaniline N-Ethylaniline 

E ,  Mo, v. % oxid. E ,  Mo, v. % oxid. E, Mo, v. % odd.  
1.1282 0.0 1.0430 0.0 1.0366 0.0 
1.1387 2.3 1.0578 3.0 1.0431 2.3 
1.1472 3.6 1.0627 7.0 1 0484 4.0 
1.1525 5.3 1 ,0680 11.4 1.0576 5.6 
1.1650 11.5 1.0778 25.0 1.0678 7.2 

1.0784 16.5 
Corr. = 1.8 mv. Corr. =. 2.0 mv. Corr. = 1.6  mv. 
E, = 1.135 v. E, = 1 . 0 5 3 ~ .  E,  = 1.038 v. 

N-Benzylaniline Diphenylamine p,pl-Diethoxydiphenylamine 
E, Mo, v. % oxid. E,  Mo, v. % oxid. E,  Fe, v. % oxid. 
1.0520 0.0 1.0042 0.0 0.8284 0.0 
1.0556 1.4 1.0116 3.3 .8396 .5 
1.0646 4.3 1.0170 8 .7  .8533 3.7 
1 ,0708 5.4 1.0189 11.3 .8645 5.7 
1.0759 6.3 1 .0246 15.7 .8770 8.0 
1.0831 8.4 1.0294 20.0 .8906 10.6 
1.0886 15.2 1.0492 45.2 
Corr. = 1.4 mv. Corr. = 1.8 mv. Corr. = 0.9  mv. 
E, =1.057v. E, =1.008v. E,  = .836 v. 

p-Toluidine p-Anisidine m-Toluylenediamine 
E, Mo, v. % oxid. E,  W, v. % oxid. E, Fe, v. % oxid. 
1.0636 0.0 0.8898 0.0 0.8580 0.0 
1.0785 3 .3  .go01 .5 .8685 .3  
1.0903 12.5 .go98 .8 .8772 .6 
1.0986 23.1 .9308 1.5 .8872 1 .5  
1.1083 33.8 
1.1148 41.3 
Corr. = 1 .7 mv. Corr. = 2.4 mv. Corr. = 2.0 mv. 
E, = 1.077 v. E, =0.892v. Ec =0.864v.  

Benzal- 
phenylhydrazine Diazoaminobenzene Phenylglycine P-Naphthylamine 
E, Fe, v. % oxid. E,  Mo, v. % oxid. E .  Fe, v. % oxid. E,  Mo, v. % oxid. 

0.7883 0.0 1.0562 0.0 0.7976 0.0 1.0552 0.0 
.7938 1.4 1.0642 8 .1  . a 5 0  .7 1.0696 8.7 
.7981 5.6 1.0682 12.0 .8452 2.1 1.0794 17.2 
.8083 9.6 1.0772 21.6 .8557 ~ 3 . 3  1.0889 31.6 
.8211 13.0 1.0924 43.2 .8645 3.9 1.0962 45.0 

.8867 5 .5  
Corr. = 1.7 mv. Corr. = 1.3 mv. Corr. = 0.0 Con. = 1.8  mv. 
E, =0.791v. E, =1.058v. E = .833v. E, - 1 . 0 6 4 ~ .  
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TABL# XI11 (Concluded) 
VII. AMINOPHENOLS AND PHENYLENEDIAMINES (ORTHO AND PARA) 

p-Amino- p-Hydroxy- 
p-Aminophenol p-Phenylenediamine diphenylamine phenylglycine 
E, A, v. % oxid. E, A, v. % oxid. E, A, v. % oxid. E, B, V. % oxid. 

0.6587 0.0 0.7093 0.0 0.6950 0.0 0.6000 0 .0  
.6765 4 .5  ,7113 3 .8  .7010 1.8 .6060 2.9 
,6818 5.3 .7150 5.0 .7075 3.2 ,6107 6.3 
.6920 11.7 .7220 8 .3  ,7115 8.7 .6155 10.1 
.7070 14.6 .7308 12.2 .7205 9.8 .6255 18.9 
.7395 28.8 .7428 13.2 .7330 11.3 

Corr. = 0.0 Corr. = 0.7 mv. Corr. = 0.0 Corr. = 1.0 mv. 
E, = .673 v. E, = .710 E, = .696 v. E, = 0.603 v. 

VIII. THIOPHENOLS AND MERCAPTANS 

n-Propyl mercaptan Isopropyl mercaptan Mercapto-benzothiazole 
E, Fe, v. % oxid. E, Fe, v. O / o  oxid. E. Fe, v. % oxid. 

0.8125 0.0 0.8197 0.0 0.7839 0.0 
,8190 .9 .8299 1.2 .7928 3.2 
,8250 1 .9  ,843 1 1 .5  .8105 5.0 
.X335 2.0 .8528 1.6 .8200 5.7 
,8430 3.7 .8672 1.9 .8335 5.3 
.8525 ,8487 6.0 

1.0900 (Mo) 49 0 

Corr. = 1.0  mv. Corr. = 0.6 mv. Corr. = 0.5 mv. 
E, = 0.812 v. E, = .819 v. E, = .785 v. 

While no special effort was made to exclude all traces of catalytically 
active impurities, it was absolutely essential to free the sample of more 
easily oxidizable substances. Thus preliminary experiments with com- 
mercial samples of the monomethyl ethers of the dihydroxybenzenes 
gave irregular results which were very probably due to the presence of a 
small amount of unmethylated material. When this was removed by 
extracting the ethereal solution of the substance with water, and then 
distilling and crystallizing the product, no irregularity was noted. 

Measurements at 40°.-At the beginning of this research we hoped to 
provide for the study of even very sparingly soluble substances, and with 
this end in view the early procedure called for a relatively small volume 
(100 cc.) of buffer solution as solvent for the reference system (in 20 cc.), 
while the sample was dissolved in 130 cc. of the buffer. 

A temperature of 40' was chosen in order to further increase the amount 
of material which could be accommodated. It was observed, however, 
that the potential of the molybdenum system often dropped as much as 
15 mv. ever! when no progressive reaction occurred, and blank determina- 
tions soon showed that the drop in potential is largely the result of dilu- 
tion. The potential of the molybdenum system was found to become 
less positive by about 12 mv. when the volume was increased from 120 
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cc. to 250 cc., and the change was independent of the ratio of oxidant to  
reductant. Since the ratio of the concentrations of the two components 
of the system is not influenced by dilution, the observcd change in po- 
tential must be the result of a change in the ratio of their activities, and 
the direction of the effect is such as to indicate that the activity coefficient 
of the reductant increases more rapidly with dilution than that of the 
oxidant. The same was true of the ferri-ferrocyanide system, though 
the effect was less pronounced. The decrease in potential on dilution 
ranged from 1.5 mv. to 7.rj mv. as the ratio of oxidant to reductant varied 
from l / 9  to 9. 

When determinations of critical oxidation potentials were carried out 
it was found that the rapid decrease in potential to a constant value, 
which was observed a t  a region well below that a t  which a progressive 
reaction occurred, was always somewhat greater than that attributable 
solely to  dilution. The components of the system thus appear to  be 
affected by the oxidizable substance even when no oxidation occurs. 
While no means of eliminating this effect was found, the effect of dilu- 
tion was reduced to a minimum in the determinations which have been 
described above. The original procedure was thus soon abandoned, 
for the large correction term which had to be applied to the initial po- 
tentials rendered the results subject to an unnecessary source of error. 
The few determinations which had been made before the method was 
modified have been summarized in Table IV of the Theoretical Part. 

It should be stated that when working a t  40' the velocity of oxidation 
is much greater than a t  the lower temperature. Consequently the time 
interval over which the fall in potential of the reference system was ob- 
served was made shorter, namely one minute instead of five minutes. 
The reference systems used were those of iron, molybdenum and tungsten, 
and their potentials a t  40° are recorded in Table X. 

Normal Oxidation-Reduction Potentials of Stable Systems.-In the 
course of this survey of oxidizable substances a constant watch was kept 
for electromotively active oxidation-reduction systems of sufficient sta- 
bility to permit direct potentiometric study. Such a system may reveal 
itself in the determination of the critical oxidation potential by causing 
a very rapid drop in potential to a constant value. A few such cases 
were discovered, and i t  was found that the reductant could be titrated 
in the ordinary way with molybdicyanide. Sharp, reproducible poten- 
tials were established in the mixtures of the oxidant and reductant and 
there was no drift in potential which would indicate a destruction of the 
oxidant. A summary of the results for this group of substances is given 
in Table XIV, and two more compounds of this type have been listed in 
Table X. The figures represent the averages of several closely agreeing 
determinations. The solutions of the amines (0.0003 mole in 220 cc.) 
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TABLE XIV 
NORMAL POTENTIALS (25 O) IN NEUTRAL ALCOHOLIC SOLUTION 

System, named as reductant Ee, V. 

p-Aminodiphenylamine 0.751 
Hydroquinone .715 
p-Hydroxyphenyl-8-naphthylamine .701 
p-Methyl-pf-hydroxydiphenylamine .684 
p,pf-Dihydroxy-diphenylamine .656 
2,4-Diamino-4'-hydroxydiphenylamine .568 
B-Phenylhydroxylamine .562 

were prepared from freshly crystallized or distilled material and kept in . 
an atmosphere of nitrogen. In the case of p-methyl-p'-hydroxydiphenyl- 
amine it was necessary to reduce catalytically a small amount of the oxi- 
dant which was found to be present. 

The potential of the quinone-hydroquinone system was determined by 
the use of quinhydrone. The potential of such a solution is initially 5- 
10 mv. above the normal potential. Within one to two minutes it falls 
to a point where it remains constant for about six minutes, and then it 
falls off a t  the rate of about seven mv. per hour. The reading during 
the period of constancy is reproducible on various electrodes and with 
different preparations, and this point was taken as the normal potential. 
On titration of hydroquinone with potassium molybdicyanide, the elec- 
trode equilibrium is established slowly and the results are not satisfactory. 

p-Phenylhydroxylamine behaved in a very curious manner. The po- 
tential of a fresh solution was about 20 mv. higher than the normal po- 
tential of the nitrosobenzene-p-phenylhydroxylarnine system, whereas one 
would expect the solution containing none of the oxidant to have a poten- 
tial considerably below the point of half-oxidation. The initial potential 
was not constant, but fell off fairly rapidly as the solution was stirred 
and treated with a steady stream of nitrogen, and in about an hour a 
fairly constant level had been reached which was 47 mv. below the nor- 
mal potential. A titration commenced after this or a longer period of 
time gave perfectly normal results, though electrode equilibrium was 
somewhat slow. After each addition of molybdicyanide the potential 
reached a constant value (from below) only after about three minutes. 
On the other hand, when the titration was commenced ten minutes after 
preparing the solution, that is, before the low, constant level had been 
reached, the same amount of oxidizing agent was consumed, but the 
curve was flat, as though some oxidant were present a t  the outset, and 
the value found for Eo was about 10 mv. too high. 

Summary 
The unstable systems formed by phenols or amines and the free radicals 

formed as their immediate oxidation products have been characterized 
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by a new term called the critical oxidation potential. This is the potential 
of some oxidizing solution which will cause a certain small amount of the 
amine or phenol to become oxidized in five minutes when equivalent 
amounts of the sample and of the oxidizing agent are employed. This 
value, which may be determined with reasonable accuracy, represents 
the potential a t  which the velocity of oxidation becomes vanishingly 
small, and hence the result is influenced by the reaction rate t o  an extent 
which is insignificant. This has been demonstrated experimentally, for 
the critical oxidation potential bears a definite relationship to  the normal 
potential, and it is influenced no more by temperature changes than is 
the latter quantity. 

The critical oxidation potentials of over seventy compounds have been 
determined and many relationships, conclusions and deductions have been 
pointed out in discussing the results. 

BRYN MAWR, PENNSYLVANIA 

SOME ERRORS IN ANALYTICAL BROMINATION. THERMAL 
CLEAVAGE OF HYDROGEN BROMIDE FROM BROMINATED 

SUBSTANCES. A NEW PROCEDURE FOR DETERMINATION OF 
ORGANIC UNSATURATION1 

I. Introduction 

Halogenation methods for the determination of organic unsaturation 
are in general referable to three types, based upon the nature of the agent 
and the medium: (1) iodine-halide methods, such as those of Hiibl, Wijs 
and Hanus, conducted in non-aqueous  solvent^;^ (2) bromination in non- 
aqueous solvent, especially carbon tetrachloride, the best-known method 
being that of Schweitzer-Lungwitz-McIlhiney ;3 (3) the bromide-bromate 
method, conducted in the presence of water, and due to K~ppeschaar .~  

Thesis presented by Howard M. Buckwalter to the Graduate School of the Uni- 
versity of Pennsylvania in partial satisfaction of the requirements for the degree of 
Doctor of Philosophy. 

Hiibl, Dingler's Polytech. J., 253, 281 (1884); J. Soc. Chem. Ind., 3, 641 (1884); 
Ingle, ibid., 21, 587 (1902); 23, 422 (1904); Wijs, Bey., 31, 750 (1898); Marshall, J. 
Soc. Chem. Ind., 19, 213 (1900); Kemp, Ind. Eng. Chem., 19, 531 (1927); Hanus, 2. 
Nahr. Genussm., 4,913 (1901). 

Schweitzer and Lungwitz, J. SOC. Chem. Ind., 14, 130 (1895); McIlhiney, THIS 

JOURNAL, 16,275 (1894); 21, 1084 (1899); 24,1103 (1902). 
Koppeschaar, 2. aual. Chem., 15,233 (1876). 
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The last method has been applied to determine un~aturation,~ but is most 
useful in the analysis of phenols and aromatic a m i n e ~ . ~  

A useful classification of the non-aqueous methods differentiates those 
which permit determination of only the total halogen consumed and 
those which attempt its distribution into halogen used in addition and 
that  used in substitution. Methods of the first kind (Hiibl, Wijs, Hanus) 
employ what are probably less severe halogenating agents, especially 
iodine halides, and short periods of halogenation when possible, with 
exclusion of light, to minimize substitution. They are satisfactory only 
when complete addition, without substitution, can be effected under 
these conditions,' and may not be applicable to compounds whose un- 
saturation is for any reason less accessible to halogenati~n.~ In methods 
of the second type the extent of substitution is determined by the device 
of titrating the hydrogen bromide of subst i t~t ion.~ 

The sample, in an iodine flask, is treated with a measured excess of a standard 
solution of bromine (or iodine chloride or bromide) in carbon tetrachloride. After a 
suitable interval (thirty minutes to eighteen hours) potassium iodide solution is intro- 
duced, and the liberated iodine, equivalent to the excess halogen, is titrated with thio- 
sulfate. Potassium iodate solution is then introduced, and the liberated iodine, equiva- 
lent to the hydrogen bromide of substitution, is titrated. The total halogen consumed. 
less twice that represented by the second titration, is that taken up by addition. 

The only really satisfactory solvent appears to be carbon tetrachloride, 
in which halogenation is irreversible,1° and which when properly purified 
is neutral and not attacked by the dissolved halogen.ll The greater 
effectiveness of iodine halide in carbon tetrachloride solution (method 
of Marshall2), compared with that of the solution in acetic acid, was shown 
by Boeseken and Gelber.8 Bromine in carbon tetrachloride appears to 
be equally vigorous. The fact that the increased saturating power of 

Klimont, Pharm. Post., 44, 587 (1911); Chemical Abstracts, 6, 1203 (1912); 
Francis, Ind. Eng. Chem., 18,821 (1926). 

Callin and Henderson, J. Soc. Chem. Ind., 41, 161 (1922); Day and Taggart, 
Ind. Eng. Chem., 20, 545 (1928). 

7 The Wijs method meets these requirements best for the usual fats and oils: 
"Report of the A. C. S. Committee on Analysis of Fats and Oils," Ind. Eng. Chem., 
18, 1349, 1354 (1926). To avoid substitution in the analysis of the rubber hydrocarbon, 
however, Kemp [ibid., 19, 531 (1927)] found it necessary to operate with the Wijs 
reagent a t  0 ". 

Boeseken and Gelber, Rec. trav. chim., 46, 158 (1927). 
Allen, "Commercial Organic Analysis," 2d. ed., Vol. 11, p. 383; McIlhiney, and 

Schweitzer and Lungwitz, Ref. 3. 
lo In  dissociating solvents, including acetic acid, Boeseken and Gelber (Ref. 8) 

found addition of iodine chloride to be reversible, especially in the neighborhood of nega- 
tive groups. 

l1 Bromine dissolved in chloroform, ethylene bromide or in acetylene tetrabromide 
generates hydrogen bromide so rapidly that such a reagent cannot be used satisfactorily 
as a standard solution. 
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these reagents is accompanied by an increased ability to  cause substi- 
tution appears to be not a drawback, since the extent of the substitution 
can be determined. 

Both addition and substitution of halogen are influenced, and in ways 
not always known or predictable, by a variety of factors, including not 
only time, temperature and quantity and concentration of halogen, but 
also identity of solvent, condition in which halogen is present, proximity 
(to the unsaturated condition) of strongly polar radicals or other struc- 
tural influences, and presence of substances which may operate catalyti- 
cally. Addition of bromine to unsaturated acids in carbon tetrachloride, 
according to Williams and James,12 is catalyzed by traces of hydrogen 
bromide or water. Davis13 found light, low temperature and moisture to  
favor addition of bromine to olefins in carbon tetrachloride. Addition of 
bromine is retarded by proximity of negative groups,14 though this influence 
is not always consistently shown.16 Difficulty may also be encountered in 
halogenation of conjugate systems whose saturation is only partial. 

Even if it is assumed that addition is initially complete, there are still 
to  be considered several secondary sources of error in methods such as 
those of Marshall and McIlhiney, due to the reagents added to  perform 
the titrations of the analysis. Several workers16 have observed replace- 
ment of chlorine or bromine by iodine in contact with alkali iodide, in cer- 
tain cases with subsequent cleavage of iodine to restore the original un- 
saturation, this effect being favored by negative groups (e. g., -COOH, 
--COCHz, -COOR, -CsHs). Contact of the halogenated sample with 
water, if followed by hydrolysis, will cause low results by methods in which 
the HX of substitution is determined.17 Boeseken and Gelbers found 
that after addition of iodine chloride to certain a,@--unsaturated acids, 
reversible cleavage of hydrogen chloride became measurable in contact 
with water, the a-iodo-Slactone being formed. In the analysis of un- 
saturated esters, partial ester hydrolysis, promoted by the H X  of substi- 
tution, would liberate acid which might interfere as indicated below. 
The presence of water further admits possibility of oxidation by HOX.I8 

l2 Williams and James, J. Chem. Soc., 343 (1928). 
l3 Davis, THIS JOURNAL, 50, 2769 (1928). 
l4 Bauer, Ber., 37,3317 (1904); 40, 918 (1907); 44, 2691 (1911); Reich, van Wijck 

and Waelle, Helv. Chim. Acta, 4, 242 (1921); Sudborough and Thomas, J. Chem. Soc., 
97,715 (1910). 

l6 Biltz, Ann., 296, 231, 263 (1897). 
'Winkelstein, Ber., 43, 1530 (1910); Biimann, Rec. trav. chim., 36, 313 (1916); 

van Duin, ibid., 45,345 (1926) ; Boeseken and Gelber, Ref. 8; Dillon, Young and Lucas, 
THIS JOURNAL, 52,956 (1930). 

17 Ingle, J. Soc. Chem. Ind., 21, 587 (1902) ; 23,422 (1904) ; Johansen, J. Ind. Eng. 
Chem., 14, 288 (1922). 

18 Kolthoff, "Volumetric Analysis," John Wiley and Sons, Inc., New York, 1928, 
Vol. I, p. 198. 
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A third source of error is the presence of an acidic function in the sub- 
stance analyzed. Such acidity would in general be increased by halo- 
genation, and would affect the results to whatever extent the halogenated 
sample is able to disengage iodine from iodide-iodate solution. Other 
errors include possible oxidation by iodate, rupture of a chain or bridge 
followed by additive halogenation of the nascent free ends, and finally 
the formation of perhalides.lg 

A hitherto unexplained feature of the McIlhiney or Marshall method 
is that with certain substances the calculated addition values are negative, 
i. e., the HX found, when multiplied by 2, indicates the halogen consumed 
in "sub~titution"~~ to be more than the total halogen brought into reaction. 
While in some cases negative error is undoubtedly due to incomplete 
addition, this cannot safely be assumed from the fact that the calculated 
addition value is low (unless the total consumption of halogen is also 
low), for the reason that errors due to certain of the secondary interferences 
mentioned above would also cause low results even when addition was 
initially strictly quantitative. With existing procedures it is often im- 
possible to determine whether an error is due to unsuccessful halogena- 
tion or to secondary reactions during the titrations. Since the latter 
are caused by contact of the halogenated sample with water, iodide and 
iodate, it was concluded that a satisfactory study of analytical halogena- 
tion could best be made if such contact were avoided. To this end there 
was developed the aeration procedure for bromination, now to be described. 

11. Aeration Method for Determination of Unsaturation by Bromination 

Bromination by a solution of bromine in carbon tetrachloride was 
effected in an evolution apparatus (Fig. 2)  a t  a suitable temperature, 
and the excess bromine and the hydrogen bromide produced were removed 
in a current of dry nitrogen, absorbed in potassium iodide solution, and 
determined as usual. Except in the case of very volatile substances this 
procedure avoided contact of the halogenated sample with water, iodide 
and iodate. In experimental trials of the new procedure, brominations 
were conducted at  75', at 20-25' and a t  0'. About forty organic sub- 
stances of various kinds, both unsaturated and saturated, were examined. 
Comparative analyses were in all cases made by the method of McIlhiney, 
the bromination period being arbitrarily set a t  the maximum (eighteen 
hours). 

Apparatus and Reagents 
The apparatus consisted of an all-glass evolution flask with a trapped receiver 

(Fig. 2).  For the aeration, nitrogen from a cylinder was passed through Drechsel bottles 
charged with (1) alkaline pyrogallol, (2) concd. sulfuric acid and (3) granular calcium 
chloride. 

19 Kolthoff, Ref. 18, p. 200. 
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The bromine solution was about 0.28 N, containing 7 cc. of bromine per liter of car- 
bon tetrachloride. The best procurable carbon tetrachloride may absorb some bromine 
and form some hydrogen bromide. I t  was therefore refluxed for several hours with 
bromine, cooled, and washed with sodium carbonate solution, dried well over calcium 
chloride, and distilled through a 5-stage Snyder column, the first and last portions being 
rejected. It appears that the drying must be thorough, as the presence of moisture was 
perhaps the cause of subsequent formation of hydrogen bromide in some solutions. 

The bromine solution was measured with a 25-cc. Lowy automatic pipet, filled by 
pressure as suggested in Fig. 1 to avoid the in- 
convenience and the small loss of bromine in- 
volved in filling the pipet by suction. 

To standardize the bromine solution, 25 cc. 
was pipetted into 150 cc. of 15% potassium 
iodide solution in a 500-cc. iodine flask, and the 
iodine was titrated with 0.2 N thiosulfate, 5 cc. 
of 0.5% soluble starch indicator being added 
near the end-point. There was added 10 cc. 
of 2 yo potassium iodate solution, and any iodine 
liberated was titrated. The liquid was shaken 
vigorously in the stoppered flask near the end 
of each titration to extract iodine completely 
from the carbon tetrachloride layer. The sec- 
ond (acid) titration was generally small and 
sometimes zero. 

The 0.2 N sodium thiosulfate was prepared 
in the usual way, and was standardized against 
potassium iodate.20 

Procedure.-Receiver A was charged with 
100 cc. of 15% potassium iodide solution, and 
trap B with 10 cc. of the same, together with 
about 0.5 cc. of the standard thiosulfate solu- 
tion, the last being accurately measured from a 
buret (and its volume finally added to the titra- 
tion of excess bromine). The sample, in a small 
glass cup if non-volatile, or in a thin glass bulb 
or from a Lunge weighing-pipet if a volatile 
liquid, was introduced into the bromination 
flask C, and dissolved in 5 cc. of pure carbon 
tetrachloride. The apparatus was assembled 
and 25 cc. of the bromine solution introduced 
by means of the automatic pipet, the tip of Fig. 1. 

which was thrust well into the constriction of D. A gentle suction applied a t  the trap 
quickly drew the solution into the flask without loss of bromine. A slow stream of 
nitrogen (about 20 bubbles per minute) was passed during the ensuing bromination 
period, a t  the end of which the flow of gas was increased to about 150-200 bubbles per 
minute in order to transfer excess bromine, and hydrogen bromide of reaction, as rapidly 
as possible into the receiver. Repeated blank trials had shown that this operation in- 
volved no loss of bromine. The time required for aeration a t  room temperature was 
about three and one-half hours. 

For bromination at  75' the flask C was immersed, almost to the level of the liquid 

20 McNabb and Wagner, Ind. Eng. Chm., Anal. Ed., 1,32 (1929). 
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within, in a water-bath a t  that temperature. During the aeration, which a t  75O re- 
quired only about thirty minutes, carbon tetrachloride was added a t  intervals to replace 
t h a t  which distilled. 

For bromination a t  O o  the flask C was surrounded by ice, the bromine solution intro- 
duced and chilled (with the apparatus assembled), and the sample, in a cup or bulb, 
introduced into D and washed into the flask with chilled carbon tetrachloride (the bulb 
being first broken with a glass rod). The aeration a t  0 O required about six hours. 

When the aeration was complete, the appa- 
NlTROGENl ratus was disconnected a t  E, the contents of the 

trap transferred to the main receiver, and the 
excess bromine and the hydrogen bromide of 
reaction determined as in the standardization. 
T o  calculate, the acid titration, less that  of the 
standardization, was multiplied by 2 and sub- 
tracted from the volume of thiosulfate equiva- 
lent to  the total bromine brought into reaction. 

Comparative Results by the Aera- 
tion Procedure and by McIlhiney's 
Method.-Results of comparative trials 
by the two procedures are grouped be- 
low according to the general types of 
compounds examined, or according to 
the point to be tested. The tables give 
total atoms of bromine consumed, atoms 
of bromine used in "sub~titution,"~~ 
atoms of bromine added, and percent- 
age of bromine added, i. e.,  the bromine 
number. Check analyses by McIlhiney's 
method represent duplicates run not in 
the same series but on different days. 

Fig. 2.-A, Receiver, 500-cc. cap. ; 1. Determination of Unsaturation 
B, trap, 25-cc. cap.; CP bromination Of Some Hydrocarbons.-Results for a 
flask, 100-cc. cap.; C', modified form of 
C; D, funnel; E, ground joint. number of unsaturated hydrocarbons 

of several types are given in Table I. 
Comments.-A distinct temperature effect is shown for cyclohexene, 

phenanthrene, indene and especially for retene. The case of pinene, for 
which both methods yielded values converging upon three atoms of bromine 
added, recalls similar results obtained by Inglel and by K l i m ~ n t , ~  and also 
by Wallach.Z2 The facts appear to suggest rupture of the isopropyl bridge. 

As this word is used here and elsewhere in this paper when enclosed in quotation 
marks, it refers t o  the apparent substitution indicated by analysis. This is calculated 
from the  hydrogen bromide liberated, whatever its source. When the hydrogen bro- 
mide found is believed to include that actually due to  substitution and some due also t e  
secondary cleavage of hydrogen bromide during the bromination, the process will be 
termed "substitution." 

Wallach, Ann., 264, 3 (1891). 
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TABLE I 
UNSATURATED HYDROCARBONS 

T ~ P ,  T~me,  Atoms of bromine % Br Br n o  
Compound M e t h ~ d , ~  C hrs b Total Sub5t Added ddded theory 

Octylene A 60 3/4 + 1 2 27 0 15 1 98 140 9 142 5 
B p. 123 3" 20 1 + 4  2 13 07 1 98 141 2 

B Lab. 18 2 72 42 1 87 133 5 
Lab. 18 2 65 36 1 93 137 2 

Cyclohevene A 75 1 $- '/2 2 12 17 1 77 172 7 194 7 
B p. 82 0" 75 2 + ' / 2  1 9 9  11 1 7 7  1 7 2 7  

20 I/;  + 5 2 04 07 1 90 185 2 
0 1 + 8  1 99 03 1 93 187 6 

B Lab. 18 2 1 5  .19 1 7 8  1 7 3 3  
Tdab. 18 2 0 8  12 1 8 5  1 8 0 1  

Limonene A 75 1 + '/s 5 55 72 4 10 240 4 234 7 
B. p. 176 6" 75 1 + ' / 2  4 8 8  39 4 1 1  2 4 1 0  

B Lab. 18 4 60 31 3 93 233 6 
Lab. 18 4 G8 35 3 97 233 1 

Styrene A 75 4 + ' 1 2  2 04 00 2 04 157 0 153 5 
B p 1460"  B Lab. 18 1 96 02 1 92 147 4 

Lab. 18 2 07 .02 2 03 155 9 

Stilbene A 75 1 + ' / 2  2 0 1  00 2 0 1  8 9 2  88.7 
M. p. 124 0' -?  

13 1 + l / 2  2 0 0  00 2 0 0  8 8 7  
75 1 + 2 00 00 2 00 88 7 

B Lab 18 2 02 02 2 00 88 7 
Lab 18 2 02 89 7 

2 00 88 7 

Phenanthrene A 20 ' / ? + 6  2 5 5  .44 1 6 8  7 5 2  8 9 7  
M p 99 7" 0 3 + 7  2 8 8  .43 2 0 2  9 0 8  

B Lab. 18 3 3 1  79 1 7 3  7 7 6  
Lab. 18 2 79 47 1 85 82 9 

Retene A 75 1+ ' /2  7 1 4  3 7 3 - 0 3 4  - 1 1 8  6 8 2  
M p 97 5" 0 3 + 7  5 75 1 89 1 97 1-67 0 

B Lab 18 6 25 2 23 1 7 9  61 1 
Lab 18 8 00 3 19 1 62 55 3 

Indene A 75 1 + ' 1 2  4 13 1 21 1 69 116 5 137 7 
B p 182 8" 25 0 + 5  2 17 0 17 1 82 125 1 

0 2 + 5  2 26 22 1 81 124 4 
0 ' / z + 7  2 3 2  21 1.89 1 2 9 9  

B T,ab 18 3 91 1 07 1 76 121 3 
Lab 18 4 29 1 26 1 75 120 6 

Pinene A 75 1 5 + 4 85 1 09 2 67 156 5 117 4 
B p 158 8" 25 13 + 3 4 65 0 89 2 86 167 6 

0 + 7 4 46 65 3 16 185 4 
B Lab. 18 4 55 83 2 88 169 3 

Lab. 18 4 8 0  .91 2 9 8  1 7 4 9  
Lab. 18 4 29 63 3 00 176 3 

" A, Aeration method, B, hlcIlhiney's method 
First figure indicates time of bromination and second figure time of aeration. 
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Table I1 records results obtained with several technical hydrocarbon 
mixtures obtained from petrole~m.'~ 

For convenience in comparison, the bromine values obtained are all reported as 
equivalent iodine values. 

Refinery lab. results 
Temp., Time, Equiv. % iodine Method of Johansenl@ 

Sample Method OC. hrs. Total Subst. Added % I Subst. 70 I added 

Lubricating oil, A 75 67.8 38.3 
heavy 75 2 + ' / 2  55.1 19.1 

23 1 + 3 33.6 16.4 
0 1 + 7 27.2 12.5 

B Lab. 18 63.8 35.3 
Lab. 18 44.2 23 .2  
Lab. 18 45.4 23.5 

Transformer oil A 75 1 62 .5  34.6 
25 1 + 3 21.0 10.5 
0 1 + 7  15.0 7 .1  

B Lab. 18 64.8 35.1 
Lab. 18 60.0 32.2 

Cracked gasoline Aa 60 1 + '1% 118.2 43 .4  
20 l + 8  84.8 25.1 
0 1 + 6 67.3 14.7 

B Lab. 18 144.8 53.2 
Lab. 18 154.0 58.4 

a Sample passed into receiver on aeration. 

2. Determination of Unsaturation of Some Compounds with Acidic 
Character.-Since an iodide-iodate solution is sensitive to acids gener- 
ally, the effect of an acidic function in the substance analyzed, as was 
mentioned in the introduction, is to increase the acid titration (after 
addition of iodate), and to decrease the addition value by double this 
error. In  some cases such acidic function will register quantitatively 
its acidity, for which deduction can be made in the calculation. If the 
acidity, however, is of a low order it will introduce an indeterminate 
error, such irregularity being sometimes suggested by an unusually marked 
impermanence of the second end-point. Since the causes for error in the 
bromination of acidic substances are, in general, operative only in the 
presence of water, etc., such substances are well adapted to test the pre- 
dictable advantages of the aeration procedure over that of McIlhiney. 
Results for some unsaturated compounds with acidic function are listed 
in Table 111. 

Comments.-The resistance of crotonic acid to halogenation is shown 
by the ineffectiveness of bromination a t  room temperature. In  McIlhineyls 

2"nalyzed specimens kindly furnished by the Atlantic Refining Company of 
Philadelphia, through Dr. J. B. Hill and Mr. E. H. Johansen. 
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Compound 

Crotonic acid 
M. p. 71.8' 

Temp., Time, Atoms of bromine % Br Br no., 
Me1 hod OC. hrs. Totat Subst. Added added theory 

A 75 1 + / 2.06 0.05 1.96 182.3 185.7 
75 1 + l/2 2.07 .03 2.01 187.0 
20 16 + 3 0.31 .OO 0.31 22.6 

B Lab. 18 .49 .O .49 45.6 
Lab. 18 .58 .O .58 54.2 

Undecylenic acid A 60 1 + 2.04 .12 1.80 78.1 86.8 
hZ. p. 21-22' 22 1 $ 2  1.99 .09 1.80 78.2 

0 1 -t 7 1.89 .05 1.79 77.5 
B Lab. 18 2.23 .28 1.67 72.4 

Lab. 18 2.13 .19 1.75 76.1 

Oleic acid, A 20 1 + 4  1 9 9  .ll 1.79 50.5 56.6 
commercial 0 1 + 8 1.89 .05 1.79 50.7 

B Lab. 18 2.19 .24 1.70 48.2 
Lab. 18 2 19 .23 1.73 48.8 

Fumaric acid A 75 1 + 2 nil 
B Lab. 18 nil 

Maleic acid A 75 1 + 2 nil 
B Lab. 18 nil 

Erucic acid A 70 l + ' / a  2.56 .51 1.54 36.3 47.2 
M. p. 3132" 70 0 + 1 2.45 .38 1.70 40.1 

20 15 + 3 2.50 .40 2.10 49.6 
B Lab. 18 3.03 .70 1.64 38.7 

Lab. 18 2.37 .33 1.72 40.6 

Cinnamic acid A 75 1 + l /2  2.02 .OO 2.02 109.1 107.9 
M. p. 133" 75 I + ' / %  2.02 .OO 2.02 109.2 

B Lab. 18 2 00 1.09 -0.19 - 9 .9  
Lab. 18 1.99 0.97 + .05 + 2.5 

Abietic acid A 75 2 + l / ~  10.1 6.70 -3.34 -88.1 52.9" 
M. p. 155O 75 1 + '/p 10.37 6.03 -1.69 -44.8 
From Florida 75 0 + '/a 7.34 3.81 -0.30 - 7.8 

winter rosin 0 0 + 7 4 98 1.65 1.68 +44.3 
0 1.5 + 8 6.06 1 87 2.33 +61.6 
0 1 + 7 6 96 2.48 1.99 +52.5 

B Lab. 18 10.87 6.56 -2.24 -59.4 
Lab. 18 9.72 5.37 -1.02 -27.1 

% % % 
Rosin (Florida) A 75 1 + '/2 265.4 154.9 -44.4 ~ i l ~  

20 1 + 4 187.9 84.8 +18.3 
0 1 + 7 155.0 61.8 +31.4 

B Lab. 18 292.7 173.3 -53.8 
Lab. 18 285.7 163.8 -41.9 

a For 1 double bond and molecular weight 302. According to McIlhiney." 
J 

method the sample indicated its acidity quantitatively in contact with 
aqueous iodide-iodate, the titration due to this effect being deducted 
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to obtain the stated substitution value zero. With cinnamic acid the 
total consumption of bromine in the McIlhiney method was the theoreti- 
cal, and results would be excellent if the acid titration were ignored. In 
contact with water, iodide and iodate, however, the dibromide appeared 
not only to exert its effect as an acid, but also to suffer extensive hydrolytic 
b r e a k d o ~ n . ~ ~  

In the examination of abietic acid the negative and erratic results ob- 
tained by McIlhiney's method, and the rapid and persistent return of 
color after the acid titration seemed at  first to be clear indications of inter- 
ference by water, etc. The inadequacy of this explanation is shown by 
the fact that the aeration method a t  higher temperatures and in absence 
of water yielded negative values just as large. The improvement be- 
tween 73 and 0' is relatively enormous, and the largest positive value 
obtained may still be a partial one, a temperature of O0 being possibly 
too high for normal bromination. The results indicate roughly one double 
bond, which duplicates the findings of certain other workers.26 The be- 
havior of rosin, as would be expected, is similar to that of abietic acid. 

3. Bromination of Some Other Compounds.-Results for several ' 

other compounds of types not yet considered are given in Table IV. Ex- 
amination of cumene, cymene and menthane was undertaken to study 
the behavior of the isopropyl group, since it seemed possible that bromi- 
nation of its tertiary carbon might yield a condition susceptible to re- 
moval of bromine by hydrolysis, or to cleavage of hydrogen bromide. 

BROMINATION OF SOME ISOPROPYL HYDROCARBONS AND OF SOME ESTERS 

Tzmp., Time, Atoms of bromine yo Br Br no. 
Compound Method C. hrs. Total Subst. Added added theory 

Menthane A 75 1 + ' / 2  4 4 7  2.41 -0.35 -19.9 0 .0  
B.p.  169.0" 30 . .  3.56 1.88 -0.21 -12.0 

25 16 + 4 1.94 0.10 - .04 - 2 .3  
0 2 + 6  0.05 .02 + . 0 2  + 0 . 1  

B Lab 18 .23 .08 .06 3 .2  
Lab. 18 .09 .OO .09 5.3 

Cumene A 75 1 + l / 2  4.37 2.18 .O1 0.5 0.0 
B. p. 153.3" 20 1 + 4 5.82 2.86 .08 5.1 

B Lab. 18 3.99 1.94 .09 5 .9  
Lab. 18 4.02 1.88 .05 3.6 

Cymene A 75 1 + '/2 6.35 3.14 .06 3.6 0 .0  
B.p. 153.3" 0 1 + 5 4.77 2.36 .05 2 .9  

B Lab. 18 4.77 2.74 - . 3  -43.4 
Lab. 18 3.80 2.18 - .58 -34.5 

2 4  Beilstein, 4th ed., Vol. IX, p. 518. 
25 Virfanen [Ann., 424, 163 (1921)l by a semi-quantitative method, and Shaefer 

[Ind. Eng. Chem., Anal. Ed., 2,  115 (1930)], by quantitative hydrogenation in the pres- 
ence of palladium, both obtained results for one double bond. 
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TABLE IV (Concluded) 
Temp., Time Atoms of bromine 

Compound Method O C .  hrs. Total Subst. Added 

Ethyl fumarate A 75 1 + I/E 1 98 0 01 1 96 
(Eastman) 20 ' / ~ + 5  2.03 .OO 2 0 3  

B Lab. 18 1.02 . 0  1 .02  
Lab. 18 1 33 0 1 33 

Ethyl maleate A 75 1 + '/2 1.89 .17 1.55 
(Eastman) 20 l / z + 5  0.65 .O1 0 .63  

B Lab. 18 1 80 .09 1.61 
Lab. 18 1.45 04 1.38 

Ethyl oleate A 75 1 f 1 / 2  2.78 .26 2.26 
(Eastman) 25 0 + 5  2 6 3  .10 2.46 

B Lab. 18 3.19 .45 2.30 
Lab. 18 3 0 2  .39 2 .24  

% Br Br no. 
added theory 

90 9 92 9 
94 .3  
4 7 . 3  
6 1 . 5  

7 2 . 0  92 .9  
2 9 . 5  
74 .9  
6 4 . 0  

58 .3  51 .5  
6 2 . 4  
59 .2  
57 .6  

Comments.-The addition of bromine to menthane, cumene and 
cymene was in all cases slight, the titrations being small (0.18 and 0.31 
cc. for menthane). The negative values for cymene by McIlhineyJs method 
were probably due to hydrolytic action. No connection between struc- 
ture and behavior upon bromination is obvious in the rather unsatis- 
factory results obtained for these hydrocarbons. 

111. The Cleavage of Hydrogen Bromide from Brominated Compounds 

The bromine values obtained by the aeration procedure were for cer- 
tain substances remarkably affected by temperature, the indicated addi- 
tion decreasing with higher temperatures and even becoming negative 
in several cases. Lower temperature appeared to favor normal bromi- 
nation, and was effective in producing normal values with some sub- 
stances whose bromine numbers a t  room temperature or a t  75' were use- 
less. The total consumption of bromine (addition plus "substitution"), 
on the other hand, was much increased by higher temperature. Briefly 
stated, at higher temperature (e. g., 75'), when the indicated addition was 
at a minimum or was even negative, the total amount of bromine consumed 
was at a maximum. This is illustrated by the following data taken from 
previous tables. 

It seems unlikely that under conditions of maximum consumption of 
bromine an olefinic condition could escape initial saturation, but even 
if this were admitted i t  would provide no explanation for negative addi- 
tion values obtained in the absence of water. A negative value can here 
mean only one thing: hydrogen bromide i s  being produced in excess of that 
properly considered as hydrogen bromide of substitution. Since the aera- 
tion procedure excluded contact of the sample with water, iodide and io- 
date, the production of hydrogen bromide due to hydrolysis or to  other 
causes mentioned in the introduction can be dismissed from consideration. 
There remains the conclusion that hydrogen bromide may have split out 
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TABLE V 
RELATIONSHIP BETWEEN EXTENT OF "SUBSTITUTION" AND INDICATED ADDITION VALUE 

Compound 

Indicated Indicated 
T ~ P . ,  addition, "substitution," 

C. % Br % Br 

Retene 75 
0 

Abietic acid 75 
0 

Rosin 75 
0 

Heavy lubricating oil 75 
0 

Transformer oil 75 
0 

Menthane 75 
0 

spontaneously from a heavily brominated molecule due to instability a t  
the existing temperature. To test this conclusion, samples of several 
substances were brominated a t  lower temperatures, freed from bromine 
and hydrogen bromide in the usual way, and were then heated for thirty 
t o  forty-five minutes in the aeration apparatus, any volatile products of 
this operation being collected in potassium iodide solution in the receiver. 
The solution in the receiver was treated with starch indicator (no color, 
showing no free bromine retained in the sample or split out on heating), 
iodate solution was added, and any liberated iodine was titrated. Except- 
ing menthane, the substances so tested, exhaustively brominated a t  0°, 
yielded hydrogen bromide when heated to 75O, and several lost hydrogen 
bromide on warming only to room temperature. The hydrogen bromide 
obtained in these experiments was not merely a qualitative trace, but in 
several cases approximated in amount the excess hydrogen bromide indi- 
cated by the abnormal results of analysis a t  the higher temperature, 
though no attempt was made to complete the elimination of hydrogen 
bromide. 

The hydrogen bromide split out of two specimens of abietic acid bromi- 
nated a t  low temperature and heated to 75O, if multiplied by two as in 
the analysis, and subtracted from the addition values a t  0°, changes 
these to -59.8 and -38.6%. Similarly the "corrected values for rosin 
become -24 and -1.2. The addition value for retene is in the same 
way reduced from 67 to 23, and that for phenanthrene from 90.8 to 60.8. 
It is, therefore, shown that the abnormal addition values obtained by bromi- 
nation a t  too high temperature may be approached artificially by bromi- 
nating a t  low temperature and then splitting out hydrogen bromide by 
heat. 

The cleavage of HX from halogenated organic molecules is, of course, 
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not a new idea,26 but its possible interference with analytic brominations 
appears to have been overlooked, That the accumulation of negative 
atoms or radicals inclines molecules to instability and to cleavage is well 

Cleavage of hydrogen bromide during analysis involves dehy- 
drogenation (oxidation) of the molecule by bromine. The separation of 
some carbon when paraffins are chlorinated, and especially when methane 
and chlorine are exploded (with formation of hydrogen chloride in both 
cases), and many condensations by oxidation, are similar dehydrogena- 
tions. So also are such reactions as the formation of hydrogen iodide 
by heating rosin and iodine,28 and of hydrogen sulfide by heating paraffin 
and sulfur. 

The simplest result of hydrogen bromide cleavage would be the intro- 
duction of a double bond, and under conditions suitable for the satura- 
tion of double bonds. A more intimate knowledge of such reactions may 
show that double bonds are thus introduced in positions inaccessible to 
subsequent bromination, due to proximity of negative radicals, including 
bromine atoms firmly held,29 or to a structural condition such as conju- 
gation. Whatever the explanation, the fact of hydrogen bromide cleavage 
appears to be established, and its importance in analytic bromination 
is obvious. 

IV. Conclusion 
Tables I-IV show that in all but a few cases the aeration method, under 

suitable temperature conditions, yielded better results than did McIlhiney's 
method. I t  is to be noted that by proper temperature control of the 
brominations negative results were completely eliminated.30 

The aeration procedure has yielded an explanation for the low or nega- 
tive bromine values obtained for certain substances, since by exclusion 
of other sources of error it has brought into prominence the spontaneous 
cleavage of hydrogen bromide (other than that properly attributable to 
substitution) from such substances when exhaustively brominated a t  a 

BB Kharasch and Darkis [Ckem. Rev., 5, 601 (1928)] cite the thermal cleavage of 
hydrogen bromide from triphenylethylene dibromide; and the ready loss of HX from 
the 9,lO-anthracene dihalides is familiar. 

See e. g., Henrich (Johnson-Hahn), "Theories of Organic Chemistry," John 
Wiley and Sons, Inc., New York, 1922, p. 581. 

" Kastle and Bullock, Am. Chem. J., 18,105 (1896). 
es Cf. Cohen, "Organic Chemistry," Arnold and Co., London, 1928, Vol. I, pp. 125- 

128. 
" The accuracy of McIlhiney's method in difficult cases might be improved by 

operating a t  0°, but some error would persist with compounds which before or after 
bromination are reactive with aqueous iodide-iodate. This interference, while often 
not important, is apparently quite general in analyses by the McIlhiney procedure, as 
is shown by the return of the starch-iodide color after the end-point of the acid titration. 
This secondary liberation of iodine was in several cases (controlled by blanks) observed 
to continue for weeks. 
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too high temperature. This conclusion was verified by experimental 
elimination of hydrogen bromide from several substances brominated a t  
low temperature and then warmed to 75O. 

The practical application of the findings by the aeration procedure 
requires the use of bromination temperatures low enough to prevent ex- 
cessive consumption of bromine by reactions other than addition, and 
thereby to prevent or minimize spontaneous cleavage of hydrogen bromide 
in excess of that actually due to substitution. Some substances bromi- 
nate normally a t  75O, others a t  room temperature, while others yield en- 
tirely meaningless results unless brominated near 0°, which for some sub- 
stances is perhaps still too high a temperature. The new procedure per- 
mits the necessary temperature regulation, and appears to be unique in 
that i t  permits bromination a t  elevated temperature and avoids compli- 
cations due to contact of water, iodide and iodate with the brominated 
sample. There is now under investigation a new aeration apparatus de- 
signed to effect bromination with a minimal excess of bromine, thus de- 
creasing the quantity of bromine to be transferred by aeration and shorten- 
ing the analysis, especially when low temperatures are used. 

PHILADELPHIA, PENNSYLVANIA 

[CONTRIBUTION FROM THE CHEMICAL LABORATORIES OF THE COLLEGE OF LIBERAL ARTS 

OF NORTHWESTERN UNIVERSITY AND OF THE SCHOOL OF CHEMISTRY AND PHYSICS OF THE 

PENNSYLVANIA STATE COLLEGE] 

PSEUDO BASES. I. CERTAIN N-METHYLPYRAZINIUM SALTS 
AND THEIR CORRESPONDING BASES 

The work of Hantzsch and of Decker' has demonstrated that a quater- 
nary base of the type [-N+ R-C < ] OH- in which the N=C grouping 
is part of a closed ring (e. g., N-methylpyridinium hydroxide) may exist in 
two tautomeric modifications. One of these with the formula written 
above is a quaternary ammonium compound and therefore in aqueous solu- 
tion necessarily a strong electr~lyte.~ The other weakly basic modification 

-NR-C < 
has the formula I and has been called by Hantzsch a "pseudo 

OH 
base;" it  is a tertiary amine and has, to a certain extent, the properties of 
a carbinol. We shall speak of the equilibrium mixture between these two 
forms as a "pseudo basic system." 

Hantzsch and Kalb, Ber., 32, 3109 (1899); Decker, J. prakt. Chem., 192, 425 
(1911). 

Lewis, "Valence and the Structure of Atoms and Molecules," The Chemical 
Catalog Company, New York, 1923, p. 111. 
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AIthough certain evidence regarding the properties of and the equilibrium 
between the two forms has been obtained in the case of some N-methylated 
pyridines, quinolines and acridines and of cotarnine and berberine,l wider 
information upon a variety of simpler compounds is necessary in order to 
make any generalizations regarding the effect of structure on the proper- 
ties of a pseudo basic system. 

In order to study the effect of ring conjugation in such a system it  was 
decided to prepare and investigate certain pyrazine derivatives in which 
a pseudo basic system formed part of the pyrazine iiucleus and to study 
the effect of reduced conjugation caused by partial hydrogenation of the 
nucleus. 

Two salts, 1,2,2,5,5-pentamethyldihydropyrazinium iodide (Formula I )  
'and 1,2,2,3,5,5,6-heptamethyldihydropyrazinium iodide (Formula 11) were 
prepared by the action of methyl iodide on the corresponding dihydropy- 
razines. 

CH3 h7 N HC/ ''C< CH, -.C// \ y y C H 3  H C ~  \c-CII, 
I 1 CHa I 1 'CHI 

CH?, 1 1 1 
C H , / ' ~ \ ~ / ~ ~  I - CH3>!\ CH, N /C-CHI I - I - 

i +  I + I 
CH3 CH3 CH3 
I I1 I11 

In addition, 1,2,5-trimethylpyrazinium iodide (Formula 1111, already de- 
scribed by Stoehr,q was prepared and studied. Bases were prepared from 
these salts by the action-of potassium hydroxide. 

I---/ [ 1 ] + x - i n  A quarternary salt of the general type R-N=C-CH2R 
which the dotted line represents the rest of a cyclic system, might 
yield the true base, A, ]+ O H  or the pseudo base, B, 

--- 
i i 

R-N-C(OH)CH2R' The pseudo base might lose water to form C, 
....-.- 

L I \---I 
i 1 1 1  ] In addition the pseudo 

K-N-C=CH-R. D) [R-N-C(CH2R)-- ~ 0 .  -..-..+- 

base may split a t  the N-C linkage to form E, R&H &OCH,R. The 

form C can also be formed directly from the true base A by a type of 
change discussed later. A base of the general formula D was obtained 
by Hantzsch and Kalbl as an anhydride of N-meihylquinolinium hydrox- 
ide. Anhydro bases of the form C are discussed by D e ~ k e r . ~  The salt I 
cannot yield a base of the type C. With this exception all five types of 
base might be yielded by any of the salts. 

By the addition of potassium hydroxide to 1,2,2,5,5-pentamethyldi- 
hydropyrazinium iodide a base, 1,2,2,5,5-pentamethyl-&hydroxypyrazine, 

Stoehr, J. prakt. Chem ,47,463,470 (1893). 
Decker, Ber., 38, 2493 (1905). 
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m. p. 110' (Formula V), was isolated. The base is of type B. It is associ- 
ated in benzene but shows normal molecular weights in water. The normal 
molecular weight in water shows that the ring system is in all probability 
stable to water over at  least short periods. 

By the method of Kohler, Stone and FusonK it was shown that the base 
reacted with slightly more than two molecules of methylmagnesium iodide 
per molecule and liberated one molecule of methane, which further points 
to the presence of the hydroxyl group. 

It does not seem likely, in view of these results, that the base to which 
Formula V has been assigned has undergone ring fission to yield a base of 
type E, especially as in the open chain the remaining -C=N- would 
probably be hydrolyzed. Further, no carbonyl derivatives could be ob- 
tained from solutions of the base. 

Measurement of the conductivity of a dilute solution of equimolar quan- 
tities of the iodide and sodium hydroxide by the method of Stewart and 
Maeser6 for detecting association of hydroxyl ion showed that there was 
no strong base present even at 0' immediately after mixing, the base formed 
having Kb < 3 X lo-=. 

In the pseudo basic system from salt I the equilibrium between IV and 
N N 

CH 

+ OH- I 
CHs 

I 
CHa 

V is evidently established quite rapidly and is in the direction of the pseudo 
base, V. 

When the base, V, was titrated in water solution with hydrochloric acid, 
using methyl orange as indicator, a t  first the neutralization was instanta- 
neous and the indicator stayed yellow until one equivalent of acid per mole 
had been added. More acid then caused the indicator to turn red but upon 
standing the yellow color slowly returned. Further increments of acid 
caused the same effect and finally when two equivalents of acid had been 
added per mole the red color became permanent. 

An explanation of this effect is that the base strength of the pseudo 
basic system involved in the equilibrium between IV and V is much less 
than that of the unmethylated nitrogen which is consequently titrated 
first. Upon adding a fraction of the second equivalent of acid the methyl- 
ated nitrogen in the strongly basic form (IV) reacts, the methylated ni- 
trogen in the pseudo basic form (V) being so weak that i t  reacts but slightly 

6 Kohler, Stone and Fuson, THIS JOURNAL, 49,3181 (1927). 
"Stewart and Maeser, ibid., 46,2583 (1924). 
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before the methyl orange changes to red. The system being now no longer 
in equilibrium, more pseudo base changes into the strong base, which re- 
acts with the added acid and the system becomes basic, causing the reap- 
pearance of the yelIow color. 

As would be expected, the original iodide from which the base was pre- 
pared, when dissolved in water, produces a system in all ways similar t o  
that produced by adding one equivalent of acid to the base, Addition of 
hydrochloric acid ta  the former produced the same changes as those pro- 
duced by further increments of hydrochloric acid to the latter. 

If the iodide of Formula I is changed into the chloride and treated with 
chloroplatinic acid, a chloroplatinate is obtained whose analysis corre- 
sponds to the Formula VI. The same platinum double salt is obtained 
from the base itself. The possibility that this salt is a hydrated form of 
the salt of the base IV is unlikely since it is obtained in better yields from 
solutions of the base in which V predominates. 

N CHs N 
H - C ~  

PtCls 

CHI 
I 
CHs 

VI VII 

By the addition of concentrated potassium hydroxide to a solution of 
heptamethyldihydropyrazinium iodide a liquid anhydro base of the type 
C (Formula VII) was obtained. It showed a normal molecular weight in 
benzene. This base dissolved slowly in water, yielding a strongly basic 
solution whose electrolytic conductivity corresponded to  a base with a basic 
dissociation constant of Kg = 4 X and was the same as that obtained 
for an equivalent mixture of original salt and sodium hydroxide after sub- 
tracting the conductivity due to the sodium iodide. 

The second basic nitrogen in heptamethyldihydropyrazinium iodide was 
too weak to be titrated using methyl orange as indicator. When the base 
was titrated rapidly with 0.1 N hydrochloric acid using methyl orange as 
indicator, only one equivalent of acid reacted per mole, the second equiva- 
lent of base being too weak to react under these circumstances. Upon al- 
lowing a solution of the base, which had a slight excess of acid over one 
equivalent, to stand, none of the excess acid was used up even on stand- 
ing. Solutions of the base in water to which no acid had been added under- 
went slow decomposition and upon titration, after standing, part of the 
second equivalent of basic nitrogen could be titrated to methyl orange. 
This pointed to cleavage of the ring in alkaline solution. 

It seems necessary in this case to attribute the strong basicity to  the 
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methylated nitrogen, which can exist in the quaternary form because the 
unmethylated nitrogen is formally tertiary and has no possibility of be- 
coming a quaternary base (except by the addition of hydrogen ion). A 
simple tertiary amine has not been found with Kg > It is reason- 
able to assume that the base (Formula VII) is formed from the quaternary 
base by the following mechanism 

I---! I + I + I---I 
1 1  

[CH,k=&-CH, OH- -_ OH- CH,-N-c=CH2 
I 

H 

I f  the pseudo base ( ;---I ) were an intermediate in the pro- 
(CH,--N-COHCHB 

duction of VII, this would mean that the system is in equilibrium with the 
pseudo base. Equilibrium with the pseudo base was attained in the basic 
system from 1,2,2,5,5-pentamethyldihydropyrazinium iodide and an ex- 
tremely feeble basicity of the methylated nitrogen resulted. If the pseudo 
bases were in equilibrium with the system under discussion, a weak basicity 
would also be expected. However, the basic properties of the methylated 
nitrogen are, in this case, far from weak and therefore equilibrium with the 
pseudo base or any reaction involving it is thought unlikely. Equilibrium 
with the quaternary base is probably responsible for the strongly basic 
properties of VII. 

Addition of chloroplatinic acid to concentrated aqueous solutions of the 
base yielded a chloroplatinate whose analysis corresponded to the chloro- 
platinate of a base of type B. This same platinum double salt was ob- 
tained when a concentrated heptamethyldihydropyrazinium chloride solu- 
tion which had stood for several days was treated with chloroplatinic acid. 
It is probable, however, that these chloroplatinates are hydrated forms of 
salts of bases of type A, especially in view of the large yields (66%) in 
which i t  is obtained from the salt. 

The above results show that when ring conjugation is absent the mere 
substitution of a simple methyl group on the carbon atom attached to 

I i nitrogen in the system [CHaN=C-]+OH- can give rise to a relatively 

stable anhydro base of type C. 
Attempts to obtain a solid or liquid base from 1,2,5-trimethylpyrazinium 

iodide (Formula 111) in a pure state have failed. However, certain evi- 
dence has been obtained that in water solution the base, immediately after 
liberation from the salt, is of the type A in rapid equilibrium with a very 
small amount of the pseudo base (type B), which slowly changes into an 
anhydro base of type D. This evidence will be presented in the second 
paper of this series, where a more detailed study of the equilibrium in and 
the mechanism of some of the above reactions, which further substantiates 
the conclusions reached in this paper, is presented. 
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Experimental 
1,2,2,5,5-Pentamethyldihydropytbl~i~urn Iodide.-Thirty-four and a half granls 

(0.25 mole) of 1,2,2,5,5-tetramethyldihydropyrazine and 34.0 g. (0.24 mole) of methyl 
iodide dissolved in 123 cc. of sodium-dried ether were allowed to react for thirteen days 
a t  room temperature. At the end of this time about 100 cc of dry ether was added and 
the mixture stirred. The crystalline salt was washed with dry ether; yield, 54.0 g. 
(0.193 mole) (80.4% of the theoretical); m. p., with decomp., 204'. The material was 
recrystallized by dissolving in methyl alcohol (1 7 cc. per g ) heating to boiling to  dissolve 
and while hot adding twice the volume of n-butyl alcohol. The salt crystallized on 
cooling, leaving a red solution. The red color is not due to iodine. The crystals were 
washed with ether; m. p., with decomp , 194". The lowered melting point on crys- 
tallization is peculiar. 

Anal. Calcd. for CsH17N21: I ,  45.3. Found: I,  (Volhard), 44.69. Recrystalliza- 
tion did not alter this analysis. 

1,2,2,3,5,5,6-Heptamethyldihydropyrazini Iodide.-A solution of 12.2 g. (0.073 
mole) of anhydrous hexamethyldihydropyrazine and 12.2 g. (0.069 mole) of methyl 
iodide in 40 cc, of sodium-dried ether was sealed up in a bomb tube and heated to 
85-110" for three days. At the end of this time 100 cc. of dry ether was added to  the 
contents of the bomb tube. The crystalline salt was filtered off and washed with dry 
ether; yield, 16.6 g. (0.054 mole) (78% of the theoretical) ; m. p. 249.5' with decomposi- 
tion. The salt was recrystallized in substantially the same manner described for penta- 
methyldihydropyrazinium iodide using the same solvents. The mother liquor from 
the crystallization was also dark red; m. p. of recrystallized product, 249' with decomp 

Anal. Calcd. for C11HnlNzI: I, 41.1. Found: I (Volhard), 40.4. 

Recrystallization did not change this analysis. Rate of heating did not affect 
the melting point. 

When the preparation of this compound was carried out by allowing the same 
quantities to stand a t  room temperature for eighteen days the yield was only 26y0 of 
the theoretical. Evidently the two extra methyl groups have a marked effect in slowing 
down the rate of addition of methyl iodide. 

1,2,2,5,5-Pentamethyl-6-hydroxytetrahydropyrazine.-Fifteen grams (0.054 mole) 
of 1,2,2,5,5-pentamethyldihydropyrazinium iodide was dissolved in 30 cc. of water and 
100 cc. of 33yo potash was added with vigorous stirring. The oil which first separated 
crystallized to a crust which was filtered off by suction through a Witt plate without 
filter paper. The excess potassium hydroxide was removed by pressing on a porous 
plate. The material was dried over calcium chloride and dissolved in 17 cc. of hot ben- 
zene. To the hot filtered solution 5 cc. of ligroin (b. p. 40-60') was added and the 
mixture shaken. Upon cooling crystallization took place. Finally, after cooling in the 
ice box, the crystals were filtered off and washed with petroleum ether; yield, 7.6 g. 
(0.045 mole) (83% of the theoretical); m. p. 108-110". Further recrystallization in 
the same way did not alter this melting point. 

Anal. Calcd. for CsHlsNzO: C, 63.50; H, 10.65; N, 16.48. Found: C, 63.78; 
63.85; H, 10.75, 10.79; N (Dumas), 16.80. Molecular weight in water (freezing point) : 
HsO, 20.2 g.; sample, 0.3637, 0.3007; ATF, 0.206, 0.160°. Calcd. for CsHlaNzO: 
mol. wt.. 170.2. Found: mol. wt.. 163, 170. 

In Table I are given the results of molecular weight determinations on this com- 
pound in benzene. ATF is the lowering of the pure solvent caused by the given total 
weight of added compound. 

Behavior of 1,2,2,5,5-Tetramethyl-6-hydroxytetrahydropyraze on Titration with 
Acid.-Sample: 0.0993 g. of CsH,8N20 in 50 cc. of water; indicator, methyl orange. 
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Wt. of benzene, 17.4 g. I I1 I11 IV 
Total wt. of added compound, g. 0.0698 0.1563 0.1996 0.3354 
ATp, "C. .I23 .221 .272 .334 
Molecular weight 167 208 216 286.5 

These results show that the compound is quite highly associated in benzene. 

The solution was titrated dropwise with vigorous shaking, using 0.1339 N hydrochloric 
acid solution. After 6.3 cc. of acid had been added the indicator turned definitely orange 
but changed back to yellow in forty-five seconds. Further increments of acid changed 
the indicator to red but the yellow color returned after about five-minute intervals. 
After 8.65 cc. of acid had been added the indicator became permanently red. Calcd.: 
cc. of 0.1339 N HCl required for 1st equivalent. 4.35; 2d equivalent, 8.70. 

Addition of excess acid and back titration with alkali to the orange-yellow end-point 
after allowing to stand for two hours showed that the total acid required by the com- 
pound was 8.72 cc. Equivalent weight, calcd., 85.1. Found: 85.0. 

Behavior of 1,2,2,5,5-Pentamethyldihydropyrazinium Iodide on Titration with 
Acid.-A solution of 0.1970 g. of the salt in 50 cc. of water was titrated with 0.1339 N 
hydrochloric acid as in the above experiment. After 2.80 cc. of acid had been added 
the methyl orange changed from yellow to red and then, over a distinct time interval, 
back to yellow. After 3.53 cc. had been added, a 0.74-cc. increment of acid produced 
a red color which changed back to orange-yelloy in about five minutes. This effect 
continued throughout the titration. After 5.60 cc. had been added the solution became 
permanently red. Back titration with alkali showed 5.42 cc. of acid to have been used 
(calculated, 5.25 cc.). Alkali equivalent to all the acid which had been added was intro- 
duced and the titration repeated after allowing to stand for seven minutes. After 
3.16 cc. of acid had been added, a red color changing back to yellow appeared. The 
effect continued tuitil all the added alkali had been used up. Unquestionably, the ef- 
fect is reversible. 

The Reaction of 1,2,2,5,5-Tetramethyl-6-hydroxytetrahydropyrazine with Methyl 
magnesium Iodide.-The apparatus and method used was as described by Kohler, 
Stone and Fuson' with slight modifications.' To 0.0995 g. of compound was added 4.31 
cc. of a 0.573 llf solution of methylmagnesium iodide in isoamyl ether; 14.6 cc. of 
methane (corrected to S. T. P.) was liberated. The excess Grignard reagent upon 
treatment with water (4.05 cc.) yielded 25.1 cc. of methane (corrected to S. T. P.). 
Methane per mole of compound, 1.11 moles. Total CHaMgI used per mole of compound, 
2.31. 

1,2,2,5,5-Pentamethy1-6-hfdroxytetrahy~e Chlorop1atinate.-Thirty-four 
hundredths g. (0.002 mole) of pentamethyl-6-hydroxytetrahydropyrazine was dissolved 
in 5 cc. of water. Excess of 1 Nchloroplatinic acid was added. The precipitated chloro- 
platinate was insoluble in hot alcohol and in hot water and could not be crystallized; 
yield, 0.74 g. (0.00127 mole) (63% of the theoretical) ; m. p. (with decomp.) 282'. The 
temperature of the bath in which this salt decomposed in ten seconds was 320 O. 

Anal. Calcd. for CsHzoNzO.PtCle: Pt, 33.66. Found: Pt, 33.88. 
By allowing the base to stand with hydrochloric acid for twenty minutes before 

adding the chloroplatinic acid, the above yield was reduced to 30%. 
The same platinum double salt could be obtained from 1,2,2,5,5-tetramethyldi- 

' We wish to thank Mr. J. D. Pickens, Research Fellow in Chemistry a t  The 
Pennsylvania State College for these results. 
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hydropyrazinium iodide. A solution of 1.4 g. (0.005 mole) of 'the salt in 10 cc. of dis- 
tilled water was stirred with 0.01 mole of silver chloride for sixteen hours. The chloro- 
platinate was precipitated with excess M chloroplatinic acid from the filtered solution 
of thechloritle; yield, 0.3 g. (0.00052 mole) (10% of the theoretical); m. p. with decomp. 
284-285" (started with bath a t  130'). Jn the bath at  320°it decomposed in ten seconds. 

Anal. Calcd. for CsH2&%0.PtC&: Pt, 33.66. Found: Pt ,  33.65. 
The two salts were unquestionably identical. 
1,2 ,2 ,3 ,5 ,5-He9amethy~-6-methyIenete~e. - -Fourteen grams of hep- 

tamethyldihydropyrazinium iodide was dissolved in 35 cc. of water and 62 cc. of 40% 
potassium hydroxide was added. The non-aqueous layer was separated and dried for 
two hours over potassium hydroxide sticks and for one hour over anhydrous potassium 
carbonate. The filtered liquid was distilled in vaczlo under 6.5 mm. pressure and the 
distillate collected in two portions: (1) 70 (about)-78.O, 1.1 g.; (2) 78.0-78.2O, 5.4 g. 
Both fractions were colorless; total yield of both fractions, 6.5 g. (79% of the theoreti- 
cal). The fraction of b. p. 78.0-78.2' was used for analysis, molecular weight determi- 
nations, etc. 

Anal. Calcd. for CllH20N2: C ,  73.28; H, 11.18. Found: C, 72.75, 73.08; H, 
10.76, 10.83. Moleculat. weight by freezing point lowering in benzene: CeHo, 17.4 g.; 
sample, 0.1580, 0.1986 g.; ATp, 0.261, 0.325". Mol. wt. calcd. for C11HzoNz: 180.2. 
Found: 178.2, 179.9. 

The base undergoes decomposition slowly at  room temperature to yield a red viscous 
oil. 

Titration of 1,2,2,3,5,5-Hexamethyl-6-methylenepyrazie with Hydrochloric Acid.- 
The base was dissolved in 50 cc. cd water and titrated immediately and rapidly to the 
yellow-orange end-point of methyl orange. Sample: 0.1754 g. required 7.45 cc. of 
0.1339 N HCI. Eq. wt.: calcd. for C ~ ~ H X I N ~  (as a mono-acid base), 180.2. Fdund: 
175.8. This equivalent weight was checked by adding excess acid and back titrating 
with alkali. Excess alkali equivalent to 5 cc. of the acid was then added and solution 
allowed to stand for three and one-half hours a t  room temperature. Upon back titrating 
to the yellow-orange end-point, the total acid used up by the base was found to have 
increased by 2.89 cc., corresponding to about 50% decomposition. I n  another experi- 
ment the base was allowed to stand in 50 cc. of water for about five minutes and then 
titrated to the orange end-point of methyl orange. Sample: 0.2243 g. required 10.80 
cc. of 0.1339 N HCl. Eq. wt., found: 155.1, i. e., 1 mole of base yielded 1.161 eqts. of 
titratable base, corresponding to 16.1% decomposition in five minutes a t  room tempera- 
ture. Excess acid was added and the solution after standing for four hours was back 
titrated. The net amount of acid required by the base was unchanged. This points to 
the stability of the base in acid. 

Upon titration 0.5674 g. of the heptamethyldihydropyrazinium iodide was found 
to require 0.09 cc. of 0.1339 N hydrochloric acid to reach the orange end-point of methyl 
orange. 

The chloroplatinates from 1,2,2,3,5,5,6-heptamethyldihydropyrazinim iodide and 
from 1,2,2,3,5,5-hexamethyl-6-methylenetetrahopazne were prepared by methods 
already described. The salt from the two sources was apparently the same; chloro- 
platinate from iodide, m. p. about 285' with decornp.; yield, 66%. 

Anul. Calcd. for CLIH2;N2O.PtC1~: Pt, 32.10. Found: Pt, 31.99. 
These chloroplatinates underwent decomposition when crystallization was at- 

tempted. The large yield from the salt seems to indicate that the chloroplatinate is a 
hydrated form of the salt of the quaternary base. 

Attempted Isolation of a Base Corresponding to 1,2,5-Trimethylpyrazinium Iodide.- 
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1,2,5-Trimethylpyrazinium iodide was prepared by the methylation of 2,s-dimethyl- 
pyrazine and recrystallized as described by Stoehr.8 The product melted at 238' with 
decomposition whereas Stoehr records 230 ". 

Two grams of the iodide was dissolved in 5 cc. of water and 15 cc. of water and 15 
cc. of 33% potassium hydroxide was added. The gum which separated was pressed 
out on a porous plate and dissolved in pure pyridine. After drying with solid potassium 
hydroxide for one hour the solution was treated with three times its volume of dry ether. 
A yellow crystalline material separated. This was filtered off by suction and washed 
several times with ether. The substance became dark red on standing. Its analysis 
varied from C, 53.2; H, 6.94, to C, 49.5; H, 6.63 on standing in a dry atmosphere for a 
day. This analysis does not correspond to that of any of the expected bases. Upon 
melting it gave a curious behavior. Heated slowly, it blackened a t  about 88' and melted 
a t  179-190°, but, placed in a bath at  146', it melted immediately. Evidently decompo- 
sition took place on slow heating. This compound will be investigated further. Vari- 
ous other attempts to obtain a pure base failed. 

The experimental data upon the base strength of the above bases are recorded in the 
second paper of this series. 

Summary 

1. 1,2,2,5,5-Pentamethyldihydropyrazinium iodide and 1,2,2,3,5,5,6- 
heptamethyldihydropyrazinium iodide have been prepared. 

2. 1,2,2,5,5-Pentamethyldihydropyrazinium iodide yields the base 
1,2,2,5,5-pentamethyl-6-hydroxytetrahydropyrazine, whereas 1,2,2,3,5,5,6- 
heptamethyldihydropyrazinium iodide yields 1,2,2,3,5,5-hexardethyl-6- 
methylenetetrahydropyrazine. The ease of formation of the latter com- 
pound is attributed to lack of conjugation. 
3. Possible tautomeric systems arising from these bases are discussed 

and related to their behavior on titration and salt-iorming properties. 
4. No base corresponding to 1,2,5-trimethylpyrazinium iodide could 

be isolated. 

Stoehr, J .  prakt. Chem., 47,463,470 (1893). 
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STEREOCHEMISTRY OF DIPHENYL COMPOUNDS. THE 
PREPARATION AND RESOLUTION OF Z-METHYL-6-NITRO-Z'- 

CARBOXYDIPHENYL. XI' 
BY R. W. ST OUCH TON^ AND ROGER ADAMS 

RECEIVED OCTOBER 3, 1930 PUBLISFIED DCCEMBER 18, 1930 

In a recent article3 the desirability of studying 2,2',Bf-trisubstituted 
diphenyls in connection with the stereochemistry of the diphenyl series 
was pointed out. In this first communication of several covering such 
compounds is given the description of the preparation and properties of 
"methyl-6-nitro-2'-carboxydiphenyl (I). This is the first diphenyl pre- 
pared which has had merely three groups substituted in the two rings, 
and in addition i t  is the first in which each of the 2,2',6'-positions has been 
filled by different groups. 

COOR CU CH, COOK CHa COOH 

NO2 NO2 N Oz 

The compound was resolved and the two optical antipodes isolated. 
They racemized only very slowly and the properties were essentially in 
accord with what had been predicted from the x-ray data. 

By boiling in butyl alcohol or in acetic acid, racemization took place 
partially over a period of thirty to forty hours. On the other hand, on 
boiling a sodium hydroxide solution of the compound, partial racemiza- 
tion occurred in four hours. Kuhn and Albrecht6 have found when work- 
ing with diphenyl derivatives that the decrease in optical activity obeys 
the law of a first order reaction and have expressed the speed of racemiza- 
tion in terms of the half-life periods. This furnishes a t  least a semi- 
quantitative measure of the stability of such compounds under different 
conditions. Using the same method, the half-life period a t  117' in butyl 
alcohol is forty-two hours; at 118' in acetic acid is thirty-four hours; 
and at 100' in 0.1 N sodium hydroxide solution, four and one-half hours. 
This compound was stable to racemization at room temperatures in any 
of the solvents mentioned above. 

For the last article in this series see Stecle and Adams, THIS JOURNAL, 52, 4528 
(1930). 

This communication is in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy in Chemistry a t  the University of Illinois. 

Steams and Adams, THIS JOURNAL, 52,2070 (1930). 
* During the  preparation of this manuscript an article has appeared by Lesslie, 

and Turner [J. Chem. Soc , 1758 (1930)] describing another compound of this latter type 
2'4-dinitro-6-carboxy-2'-methyldiphenyl. 

"uhn and Albrecht, Ann , 455,272 (1927); 458,221 (1927). 
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From x-ray data6 the distances between the groups can be estimated. 
Using the values and calculations similar to those given in a previous 
paper, the interference between the methyl and the carboxyl groups will 
be $0.39 A., between the nitro and the carboxyl groups +0.58 i%.; hence 
stability to racemization might be expected. The hydrogen and the nitro 
group or the hydrogen and the carboxyl group will not collide (-0.06 A. 
and - 0.42 A., respectbely). 

In  previous papers21s the possibility of the rings bending toward each 
other when approaching the same plane so as to allow free rotation was 
discussed and this may account for the gradual racemization observed 
at high temperatures over a period of time. In  sodium hydroxide solu- 
tion a t  100' the rate of racemization was almost ten times as fast as in 
butyl alcohol a t  117'. Since it is known that an ionized carboxyl group 
is smaller than one which is un-ionized, such a difference in racemization 
rate is to  be expected. 

Kuhn has studied the ease of racemization of 2,4'-dinitro-6,6'-dicar- 
boxydiphenyl and 2,4,4'-trinitro-6,6'-di-carboxydiphenyl and found them 
more easily racemized than the compound just described. This might 
be expected in the light of the same reasoning previously outlined. 

The 2-methyl-6-nitro-2'-carboxydiphenyl was prepared by condensing 
under carefully specified conditions 3-nitro-2-bromotoluene with methyl 
o-iodobenzoate by means of copper. The resulting mixture was saponified, 
which allowed the removal of the alkali-insoluble 2,2'-dinitro-6,6'-di- 
methyldiphenyl. There was apparently little or no 2,2'-dicarboxydi- 
phenyl found, so that on acidification essentially pure 2-methyl-6-nitro- 
2'-carboxydiphenyl was obtained. The compound was resolved through 
the brucine salt. The conversion of this nitro compound to the corre- 
sponding amine and thence to the corresponding halogen compounds is 
now under way so that a direct comparison of several groups on rate of 
racemization may be obtained. 

Experimental 
2-Bromo-3-nitrotoluene.-A solution of 38 g. of 3-nitro-o-toluidine (prepared by the 

method of Hadfield and Kenner),? in 650 cc. of glacial acetic acid, 60 cc. of water and 39 
g. of concd. sulfuric acid, was cooled in an ice-salt bath and to it a solution of 45 g. of 
sodium nitrite in 75 cc. of water was added slowly with constant stirring. At the same 
time a cuprous bromide solution was prepared by refluxing a mixture composed of 46 
g. of crystallized copper sulfate, 125 g. of sodium bromide, 75 g. of copper turnings, 80 
g. of concd. sulfuric acid and 325 cc. of water, until its color was light yellow. After 
standing for two hours in the cold, the diazotized solution was added to the cuprous 
bromide solution and steam distilled. The distillate was extracted with ether. The prod- 
uct amounted to 37 g. (68%), boiling at  161-164' a t  30 mm. and melting a t  3940.5O.' 

Stanley and Adams, THIS JOURNAL, 52,1200 (1930). 
Hadfield and Kenner, Proc. Chem. Sac., 30,253 (1914). 
' Gibson and Johnson, J. Chem. Soc., 1244 (1929), give the boiling point as 135. 

a t  6 mm., 157" a t  22 mm., and the melting point as 41-42'. 



Methyl o-1odobenzoate.-0-Iodobenzoic acid was prepared by the method of 
Wachterg and esterified in the following manner. A solution of 62 $. of o-iodobenzoic 
acid in 800 cc. of absolute alcohol was saturated with dry hydrogen chloride and refluxed 
for five hours. This solution was then poured into water, neutralized with potassium 
carbonate and extracted with ether. I t  was finally distilled under diminished pressure. 
A yield of 50 g. (78%) boiling between 165-168" a t  25 mrn. was obtained. 

2-Methyl-6-nitro-2'-carboxydipheny1.-In a 200-cc. 3-necked flask fitted with a 
mechanical stirrer and reflux condenser, was placed 37 g. of bromonitrotoluene and 38 g. 
of methyl-o-iodobenzoate. This was heated in a metal-bath and as soon as the contents 
just began to boil, 50 g. of copper bronze was slowly added. During the addition, which 
required about three-quarters of an hour, the temperature of the bath was kept between 
270 and 280". When all of the copper had been added, the bath temperature was raised 
to 300' for fifteen minutes. During the course of the reaction the mixture turned dark 
brown and considerable heat was evolved. After cooling, it was thoroughly extracted 
with ether and filtered. The ether was removed by evaporation and the oily residue 
saponified by refluxing for four hours with 10% sodium hydroxide. A little black tar  
insoluble in the alkali remained, which proved to be 2,2'-dimethyl-6,6'-dinitrodiphenyl. 
This was removed by filtration and the filtrate acidified slowly with dilute hydrochloric 
acid. A brownish-black tar separated which quickly solidified. This crude product 
was dissolved in 400 cc. of benzene, boiled with norite for ten minutes and filtered. The 
color of the solution changed a t  this time from a dark brown to an orange red. After 
concentrating to 50-60 cc., the benzene solution was extracted twice with 10% sodium 
hydroxide, and upon acidification with dilute hydrochloric acid, 16 g. of crude yenow 
product was obtained. No diphenic acid, the third theoretical product of this reaction 
was isolated. The crude product was recrystallized three times from dilute alcohol. 
A yield of 12 g. (27%) of pure product was obtained. Pure methyl nitrocarboxydi- 
phenyl is a pale yellow solid melting a t  171-172', soluble in the common organic sol- 
vents but insoluble in cold water. 

Anal. Calcd. for C ~ ~ H ~ ~ N O I :  C, 65.35; H, 4.31. Found: C, 65.56; H, 4.44. 

Resolution of 2-Methyl-6-nitro-2'-carboxydipheny1.-To a boiling solution of 2 g. 
of 2-methyl-6-nitro-2'-carboxydiphenyl in 1500 cc. of water was added 3.07 g. of an- 
hydrous brucine. As soon as solution was complete, it was filtered and a t  the end 
of one-half hour 2.1 g. of flaky white crystals had deposited. These were collected and 
after three recrystallizations from water yielded one gram of salt of constant rotation 
melting from 169-175'. This salt was found to contain water which corresponds to 
one molecule of water of crystallization. The analytical sample was dried over phos- 
phorus pentoxide in a vacuum at  117' for twenty-four hours. The melting point of the 
anhydrous form is 173-175". 

Rotation. Hydrated I-salt: 0.1368 g. made up to 25 cc. with chloroform a t  20° 
gave oco = +0.33"; l = 2; [a]T f30.4'. 

Anal. 0.3304 g. lost 0.0086 g. on drying. Calcd. for C37H37Na0rH20: H20, 2.69. 
Found: HzO, 2.60. Calcd. for Ca&37N308: C, 68.17; H, 5.73. Found: C, 67.67; H, 
5.75. 

Upon concentrating the mother liquors to 100 cc., 1.8 g. of impure d-salt was ob- 
tained. This was recrystallized from water and on each crystallization the very first 
crystals that separated were discarded. Five recrystallizations in this manner yielded 
0.5 g. of salt with a constant rotation melting from 145-155'. This salt appears to  con- 
tain water equivalent to one and one-half molecules of water of crystallization. The anhy- 
drous form which was used for analysis melts a t  172a with softening beginning a t  145.. 

Wachter, Ber., 26, 1744 (1893). 
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Rotation. Hydrated d-salt. 0.0850 g. made up to 15 cc. with chloroform a t  20" 
gave ao = -0.65'; 1 = 2; [a]': -57.3". 

Anal. 0.1780 g. lost 0.0070 g. on drying. Calcd. for C3.1H37N308.1.5 HzO; 1x20, 
3.98. Found: H20, 3.93. Calcd. for C ~ ~ H ~ T N ~ O U  C, 68.17; H, 5.73. Found: C ,  
67.86; H, 5.93. 

1 and d-2-Methyl-6-nitro-2'-carboxydiphenyl.-The active acids were liberated 
from their salts by treatment with hydrochloric acid in the cold. The organic acid was 
obtained as a fine cream-colored powder when 0.77 g. of the I-salt (less soluble) was 
shaken with 6 N hydrochloric acid for one hour. This was filtered, washed with dilute 
hydrochloric acid and finally with water. After two recrystallizations from dilute 
methyl alcohol, 0.21 g. remained melting a t  174-175' with slight softening a t  168'. 

Rotation. I-acid. 0.2052 g. made up to 25 cc. with methyl alcohol a t  20' gave 
aD = - l . l l O ;  1 = 2; [a]? -67.7'. 

The d-acid was obtained in exactly the same way; melting point 171-173' with 
slight softening at  167 O .  

Rotation. d-acid. 0.0309 g. made up to 15 cc. with methyl alcohol a t  20' gave 
a D  = f0.26'; 1 = 2; [a]': +63.1°. 

Racemization Experiments 
1. A sample of the I-acid was dissolved in ordinary ethyl alcohol and refluxed in a 

flask with a ground-glass joint for twenty-four hours. No change in rotation was ob- 
served. 

Rotation. 0.0950 g. made up to 25 cc. with ethyl alcohol a t  20" gave om = -0.52'; 
1 = 2; [a]? -68.4". 

2. A second sample of the 1-acid was refluxed in butyl alcohol in the same manner as  
in ethyl alcohol; 0.0583 g. was made up to 15 cc. a t  20'. 1 = 2. k = l/t loglo a o / a , ;  

half-life period = l/k log,, 2. 

Time in 
[el: 

.4 v . le 
minutes a~ k 

0 -0.56' -72 . O O  . . . . 
360 - .49" - 63.0" 0.00016 

1080 - .42O -54.0" ,00012 0.00115 
1740 - .35O -45.0" .00010 
2460 - .32" -41.3' .00010 

Half-life period = 2510 minutes = 42 hrs. 

3. A sample was then dissolved in glacial acetic acid and treated in the same man- 
ner: 0.0840 g. was made up to 15 cc. a t  20 ', 1 = 2. 

Time in A v  k 
minutes e D  k 

0 -0.97" -86 6"  . . . 
180 -0 90" -80 4" 0 00018 
540 -0 82" -73 2" 00013 0 00015 

1080 -0 69" -61 6" 00014 
Half-life period = 2007 minutes = 34 hrs. 

4. The I-acid was dissolved in 5% sodium carbonate and allowed to stand for 
twenty-four hours a t  room temperature. The rotation did not change. 

Rotation. 0.1148 g. made up to 15 cc. with 5% sodium carbonate solution a t  20" 
gave aD = +0.33"; 1 = 2; [a12 +21.6'. 
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5. A sample of I-acid dissolved in 0.1 N sodium hydroxide solution did not change 
in rotation upon standing for twenty-four hours a t  room temperature, nor upon heating 
for two hours a t  80'. The solution was then refiuxed but due to the small rotation in 
sodium hydroxide the rotations were taken on the free acid in methyl alcohol. 

Rotation. 0.1140 g. made up to 15 cc. with 0.1 N NaOH a t  20' gave CYD = +O.l9", 
1 = 2; [a]': f 12.6O. 

Time in 
minutes [a]; in CHsOH k Av. k 

0 -67.7" . . . .  
120 -50 6" 0.0011 0.00115 
300 - 29.0" ,0012 

Half-life period = 262 minutes = 4.5 hrs. 

Summary 
1. The compound 2-methyl-6-nitro-2'-carboxydiphenyI has been pre- 

pared and resolved. 
2. The active forms racemize slowly in boiling alkali and still more 

slowly in neutral or acid solvents. 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE UNIVERSITY OF ILLINOIS] 

HEXA-OMEGA-TERTIARY-BUTYLPROPINYLETHANE AND SOME 
NEW ACETYLENIC CARBINOLS 

In attempting to find some aliphatic unsaturated hydrocarbons which 
would resemble the hexa-arylethanes, several tetra- and hexa-acetylenic 
ethanes have been prepared in this Laboratory.' All of the compounds 
which have been described heretofore have had as the acetylenic group 
the radical tert.-butylethinyl, (CH&C--C=C-. In order to learn more 
about compounds of this general type, the work has now been extended 
to cover hydrocarbons in which other than tertiary alkyl groups are at- 
tached to the ethinyl group. It has been shown2 that a tertiary alkyl 
group directly attached to the central carbon of a hexasubstituted ethane 
has a greater effect in producing dissociation than does a secondary alkyl 
group, and this in turn has a greater effect than does a primary alkyl 
group. I t  has seemed of interest to determine whether this effect is trans- 
mitted through the acetylenic structure to the central ethane carbon. 
As the first step in this study, the preparation and properties of a hexa- 

The publications describing these compounds are Salzberg and Marvel, THIS 

JOURNAL, 50, 1737, 2840 (1928) ; Rossander and Marvel, zbid., 51,932 (1929) ; Gillespie 
and Marvel, ibid.,  52, 3368 (1930). 

Conant, Small and Sloan, ibid., 48, 1743 (1926); Conant and Bigelow, ibid., 50, 
2041 (1930). 
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acetylenic ethane which has a primary alkyl group attached to the ethinyl 
group are described in this communication. 

The synthesis of hexa-w-tert.-butylpropinylethane was accomplished in 
the following manner 

The first two compounds in this series, 4,4-dimethyl-2-bromopentene-1 
(I) and 4,4-dimethylpentine-1 (11) were prepared according to the general 
method of Lespieau and Bo~rguel.~ The carbinol (111) was prepared 
by the method described by Salzberg and Marvel1 for tri-tert.-butylethinyl- 
carbinol. It was impossible to convert this carbinol to a crystalline bro- 
mide which could be purified. However, the desired hydrocarbon (IV) 
was obtained by treating the carbinol with acetyl bromide and then with 
metallic silver. The same product was obtained when these two reac- 
tions were carried out in separate operations that was obtained when all of 
the reagents were mixed together and the synthesis accomplished in one step. 

The structure of the new hydrocarbon was not as easily determined 
as was that of hexa-tert.-butylethinylethane. Treatment of hexa-w-tert.- 
butylpropinylethane with liquid sodium-potassium alloy gave a colored 
alkali metal derivative that reacted with dry carbon dioxide to give an 
acidic compound which could not be purified. Oxidation of the hydro- 
carbon with ozone gave about 30% of the calculated amount of tert.- 
butylacetic acid. These facts are in agreement with the structure which 
has been proposed for the hydrocarbon. 

The hydrocarbon was not cleaved by 1% sodium amalgam and hence 
is more stable in this respect than hexa-tert.-butylethinylethane. It is 
less stable in air and does not keep well. ~ f t e r  it is a few hours old it 
begins to develop a yellow color and in one day turns brown due to decom- 
position or polymerization. The nature of the change has not been de- 
termined. 

Several other intermediate compounds containing primary alkyl groups 
attached to an acetylenic linkage have been obtained and are described 
in the experimental part. However, their conversion to hexasubstituted 
ethanes has not been accomplished. One hydrocarbon has been described 
as di-a-tert.-butylpropinyl-tetraphenyletha but this structure is only 
supported by the method of synthesis. 

a Lespieau and Bourguel, "Organic Syntheses," John Wiley and Sons, Inc., New 
York, N. Y., 1926, Vol. VI, pp. 20,26, 
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Experimenkl Part 
4,4-Dimethyl-2-bromopentene-1.-In a three-liter, three-necked flask fitted with 

a mechanical stirrer, a reflux condenser and a separatoxy funnel, was placed 200 g. of 
bromo-ally1 bromide and 200 cc. of anhydrous ether. The flask was placed in an ice- 
bath, and through the separatory funnel was added an ether solution of 1.33 moles of 
tert.-butylmagnesium chloride which had been prepared and titrated previously. The 
Grignard reagent was added a t  such a rate that the ether boiled gently. The addition 
required about thirty to forty-five minutes After the addition was complete, the ice- 
bath was removed and the mixture was gently refluxed on a water-bath for about two 
hours in order to insure completion of the reaction. 

The mixture was then cooled and the excess Grignard reagent was decomposed by 
adding slowly a solution of 35 cc. of concentrated hydrochloric acid in 350 cc. of water 
through the separatory funnel. The ether layer was separated, washed with a saturated 
solution of sodium bicarbonate, dried over calcium chloride and distilled. After the ether 
was removed, the 4,4-dimethyl-2-bromopentene-1 was collected a t  135-138 ". The yields 
varied from 80 to 110 g. (4652% of the theoretical amount); d iO 1.030, ny 1.4630. 

Anal. Subs., 0.1930: 26.26 cc. of 0.04137 N AgN08. Calcd. for C'IHX~B~: Br, 
45.2. Found: Br, 45.0. 

In  order to obtain a pure product it was always necessary to use an excess of the 
Grignard reagent so that no unreacted bromoallyl bromide (b. p. 140") remained in the 
mixture. 

4,4-Dimethylpentine-1,-Sixty-two grams of sodamide was ground in a mortar 
with 104 cc. of purified high-boiling mineral oil until a fine suspension was obtained. 
This was transferred to a 1-liter round-bottomed three-necked flask fitted with a reflux 
condenser protected with a calcium chloride tube, a 500-cc. separatory funnel, and an 
efficient mechanical stirrer, An additional 125 cc. of mineral oil was used in transferring 
the suspension from the mortar to the reaction flask. The mixture was heated in an oil- 
bath a t  160-165", the stirrer was started, and 92 g. of 4,4-dimethyl-2-bromopentene-1 
was added from the dropping funnel. 

The reaction started a t  once and ammonia was evolved. Heating and stirring were 
continued for two hours after the addition of the bromo compound was complete. The 
mixture was then cooled, diluted with 250 cc. of xylene and this solution was poured 
onto about 700 g. of cracked ice to which had been added 140 cc. of concentrated hydro- 
chloric acid (sp. gr. 1.19). The oil layer was separated, washed with a saturated solu- 
tion of sodium bicarbonate, dried over calcium chloride and distilled from a modified 
Claisen flask.4 In  the first fractionation the material boiling between 50 and 100" 
was saved. On redistillation the product boiling at  73-75' a t  ordinary pressures was 
collected. The yield was 18 g. (37% of the theoretical amount). There was some loss 
in the preparation due to the heptine passing off with the ammonia. By using ice water 
in the condenser and washing the ammonia which escaped with the xylene which was 
used to dilute the reaction mixture, the yield was increased to 45% of the theoretical 
amount. The new acetylene has the following constants: diO 0.7154, n y  1.4028. 

The acetyIene was not analyzed as such, but was converted to the diacetylenic mer- 
cury compound [(CHs)sCCH2bC]sHg according to the general method recently de- 
scribed by Johnson and MeEwen.6 The mercury derivative melted a t  125126.5" 
(corr .) . 

Anal. Subs., 0.1924: Hg, 0.1000. Calcd. for C I ~ H Z ~ H ~ :  Hg, 51.28. Found: 
Hg, 51.9. 

"Organic Syntheses," John Wiley and Sons, Inc., New York, 1921, Vol. I, p. 40. 
5 Johnson and McEwen, THIS JOURNAL, 48,469 (1926). 
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Tri-w-tert.-butylpropinylcarbino1.-To 166 cc. of a 3.0 N solution of ethylmagnesium 
bromide in dry ether was added48 g. of 4,4-dimethylpentine-1. The ethane generated by 
the reaction was led out through a well-cooled condenser to avoid loss of the acetylene. 
When this reaction was complete, 19.7 g. of diethyl carbonate was slowly added. After 
about fifteen hours the reaction mixture was decomposed with an aqueous ammonium 
chloride solution which contained a little hydrochloric acid. The ether layer was sepa- 
rated, washed with water and sodium bicarbonate solution and dried over anhydrous 
sodium sulfate. 

The ether was evaporated and the carbinol was distilled under reduced pressure. 
The product boiled a t  140-142' a t  0.7 mm. The yield of distilled product was 42 g. 
The distillate solidified and was recrystallized from petroleum ether. The yield of re- 
crystallized material was 32.3 g. (68% of the theoretical amount) of a product which 
melted a t  50-51 ". 

Anal. Subs., 0.1853: C02, 0.5704; H20, 0.1805. Calcd. for Cz~Hs&O: C, 84.07; 
H, 10.82. Found: C, 83.95; H, 10.90. 

Hexa-w-tert.-butylpropiny1ethane.-A solution of 1.5 g. of the carbinol and 0.2 cc. 
of acetyl bromide in about 10 cc. of dry petroleum ether was allowed to stand for about 
ten minutes. The petroleum ether and excess acetyl bromide were then removed 
by evaporating under reduced pressure. A few drops of methyl alcohol were added to 
decompose any excess acetyl bromide and the mixture was evaporated again under re- 
duced pressure. The residue was taken up in dry ether, 0.5 g. of molecular silver added 
and the mixture shaken overnight. After filtering, the solvent was evaporated and the 
residue was recrystallized from a mixture of methyl alcohol and ether. There were thus 
obtained crystals which melted at 127.5-128.5'. 

The same hydrocarbon was obtained more readily by shaking a solution of carbinol 
and acetyl bromide in petroleum ether with molecular silver. To an ice-cold solution of 
1.66 g. of carbinol in 20 cc. of petroleum ether was added 1.7 g .  of molecular silver and 
0.5 cc. of acetyl bromide. The flask was swept out with dry nitrogen and sealed. The 
mixture was shaken for eighteen hours. I t  was then filtered and the solvent evaporated. 
The residue on recrystallization yielded 0.4 g. (24% of the theoretical amount) of a 
product of m. p. 127.5-128.5'. A mixed melting point showed this product to be iden- 
tical with the one obtained above. 

Anal. Subs., 0.1986: C02, 0.6455; H20, 0.1985. Calcd. for CadHss: C, 88.88; 
H,11.11. Found: '2,8865; H,11.08. 

This hydrocarbon turns yellow on standing in the air for a few hours. In one day 
the color deepens to brown. If kept a t  0" it remains colorless for over a week. A dry 
ether solution of the ethane reacted almost instantly with liquid sodium-potassum 
alloy to give a red metal alkyl. The ethane did not react with 1% sodium amalgam. 
The result with 40% sodium amalgam was inconclusive. It was not possible to convert 
the metal alkyl to a crystalline acid by the action of dry carbon dioxide followed by 
mineral acid. Evidence was obtained repeatedly that an acidic compound was pro- 
duced but it seemed very unstable and turned to a brown tarry product. 

Tert.-butylacetic Acid.-A solution of 30 g. of 4.4-dimethyl-2-bromopentene-1 in 
200 cc. of carbon tetrachloride was placed in a wash bottle which was packed with an 
ice-salt mixture. Ozonized air was passed through the solution a t  the rate of seven 
liters per minute for about twelve hours. Additional carbon tetrachloride was added 
occasionally to replace that swept out by the current of air. Some solid ozonide sepa- 
rated from solution. Dilute aqueous alkali was added and the mixture was heated. 
The carbon tetrachloride layer was separated and evaporated and the residue was again 
heated with aqueous alkali. The alkaline solutions were combined and acidified with 
sulfuric acid and the aqueous solution was distilled until no more oil came over. The 



distillate was extracted with ether and the ether was removed by evaporation. The 
residue was distilled under ordinary pressure. There was thus obtained 7 g. of acid 
which boiled a t  186-1238' and gave a neutral equivalent of 118.3 instead of the theo- 
retical 116. The p-bromophenacyl ester was formed by refluxing an alcohol solution 
of the sodium salt with P-bromophenacyl bromide. After crystallizing repeatedly this 
product melted a t  81-81.5'. 

Anal. Subs., 0.3786: 29.56 cc. of 0.04137 N AgN08 Calcd. for C13Hl?O3Br: 
Br, 25.56. Found: Br, 25.82. 

Ozonization of Hexa-w-tert.-butylpropiny1ethane.-An ice-cold solution of 2.94 g. 
of the ethane in 200 cc. of carbon tetrachloride was treated with a current of ozonized 
air a t  the rate of about 4 liters per minute for about two hours. The ozonized mixture 
was treated with a little water and then sodium hydroxide solution was added. The 
carbon tetrachloride solution was thoroughly extracted with the aqueous alkali. The 
alkaline solution was separated, acidified with sulfuric acid and distilled. An oily acid 
came over. This distillate was titrated with standard alkali and assuming that all of the 
acidity was due to tert.-butylacetic acid the yield was 0.965 g. (28% of the theoretical 
amount). The neutral solution was evaporated to dryness, the residue was taken up in 
35 cc. of 95% alcohol and 2.03 g. of p-bromophenacyl bromide was added. After boiling 
to complete the reaction, the derivative was isolated and crystallized. It melted a t  
80.5-81.5" and was shown by a mixed melting point determination to be identical with 
the derivative prepared before from tert.-butylacetic acid. 

w-Tert.-butylpropinyl-diphenylcarbino1.-To 19 cc. of 3.7 N ethylmagnesium 
bromide solution was added 7 g. of 4.4-dimethylpentine-1. The mixture was allowed to 
stand until no more ethane was evolved and then 7.9 g. of benzophenone was added. 
The mixture was stirred for about five hours and allowed to stand overnight. On work- 
ing up the reaction mixture in the usual manner, the cazbinol was obtained as a liquid 
boiling a t  about 135" under 0.4 mm. pressure. I t  crystallized readily from petroleum 
ether and then melted a t  55-56 ". The yield was 10.3 g. (85% of the theoretical amount). 

Anal. Subs., 0.2184: C02, 0.6886; Hp0, 0.1556. Calcd. for CsoHnpO: C, 86.33; 
H,7.91. Found: C,85.98; H,7.96. 

w-Tert.-butylpropinyl-diphenyl-bromomethan-A solution of 0.5 g. of the car- 
bin01 in 10 cc. of petroleum ether was treated with 0.2 cc. of phosphorus tribromide. 
After about one-half hour the solution was washed with sodium bicarbonate solution, 
dried over sodium sulfate and evaporated under reduced pressure. The residue was a 
light brown liquid which would not crystallize even when cooled in solid carbon dioxide. 
This liquid was dried in a vacuum desiccator over phosphorus pentoxide and analyzed. 

Anal. (Stepanow) Subs., 0.2040: 6.15 cc. of 0.1000 N AgNOs. Calcd. for 
CsoHp,Br: Br, 23.53. Found: Br, 24.11. 

Sym.-di-w-te~t.-butylpropinyl-tetraphenyleane.-The crude bromide prepared 
from 2 g. of carbinol and 0.74 g. of phosphorus tribromide in petroleum ether was treated 
with 1.5 g. of molecular silver and the mixture was shaken for about twelve hours. The 
mixture was then filtered, the solvent was evaporated and the residue was crystallized 
from alcohol. There was thus obtained 0.2 g. of a hydrocarbon which melted a t  116- 
118'. Analysis showed that i t  had the expected composition. It gave a red color 
when treated in dry ether with liquid sodium-potassium alloy. However, the metal 
alkyl thus obtained could not be converted into the corresponding acid. 

Anal. Subs., 0.1791: COz, 0.6000; H20, 0.1305. Calcd. for C40H42: C, 91.97; 
H, 8.03. Found: C, 91.38; H, 8.13. 

Di-w-tert.-b~tylpro~inyl-phenylcarbinol.-This carbinol was prepared in the same 
general manner described before. From 18 cc. of 3.6 N ethylmagnesium bromide SO~U- 
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tion, 6.5 g. of 4,4-dimethylpentine-1 and 5.2 g. of ethyl benzoate there was obtained 3.8 
g. of a product boiling at 135-137' a t  0.4 mm. pressure: d jO  0.9325; n2,0 1.5080. 

Anal. Subs., 0.2139: COa, 0.5979; H20, 0.1391. Calcd. for CzlHzrO: C, 85.14; 
H, 9.46. Found: C, 84.60; H, 9.59. 

Diphenyl-a-cyclohexy1propinylcarbinol.-F 21.6 cc. of 3.8 N ethylmagnesium 
bromide solution, 10.5 g. of ~~clohexylpropine and 14.5 g. of benzophenone there was 
obtained 6 g. of product which boiled a t  210-215' a t  1.1 to 1.3 mm. pressure; diO 1.058; 
n2,0 1.5750. This product was redistilled a t  0.003 mm. pressure and then boiled a t  165- 
166 O. 

Anal. Subs., 0.2043: Cot, 0.6505; H20, 0.1459. Calcd. for CzHnrO: C, 86.84; 
H'7.89. Found: C,86.85; H,7.99. 

Phenyl-di-w-cyclohexylpropinylcarbinol.-From 35 cc. of 4.2 N ethylmagnesium 
bromide solution, 18.5 g. of cyclohexylpropine and 11.4 g. of ethyl benzoatk there was 
obtained 4 g. of this carbinol; b. p. 180-185' a t  0.017 mm. pressure; diD  1.014; n? 
1.5390. 

Anal. Subs., 0.1986: COZ, 0.6258; H20, 0.1635. Calcd. for C,'Ha20: C, 86.20; 
H, 9.19. Found: C, 85.94; H, 9.21. 

Summary 
1. Hexa-w-tert.-butylpropinylethane has been prepared and has been 

found to be less readily cleaved by alkali metals than hexa-tert.-butyl- 
ethinylethane. However, it decomposes with greater rapidity in the air. 

2.  Some new acetylenic carbinols having primary alkyl groups next 
to the acetylenic linkage have been described. 

[CONTRIBUTION PROM THE STERLING CHEMISTRY LABORATORY OR YALE UNIVERSITY] 

PHOTOCHEMICAL OXIDATION OF LACTIC ACID1 

The present study is a development and a continuation of an investi- 
gation of the action of ultraviolet radiation on lactic acid. In the ab- 
sence of oxygen it has been shown that the main products of the decom- 
position are ethanol and carbon di~xide.~ It was felt that the conflicting 
results obtained by other investigatorsa of this decomposition were due to 
the presence of oxygen dissolved in the solution. 

The decomposition of lactic acid in the presence of oxygen has never 
been fully investigated. Some workers4 in this field have exposed solu- 
tions of lactic acid to sunlight and air and have obtained qualitative tests 

A part of a paper presented a t  the Cincinnati meeting of the American Chemical 
Society. 

Bums, THIS JOURNAL, 51, 3165 (1929). 
See Neuberg, Biochem. Z., 39,163 (1912); Baudisch, ibid., 103,59 (1920). 
See Ganassini, Chem. Zentr., I, 387 (1913) ; I, 729 (1910); Chemical Abstracts, 

5, 3236 (1911); Ciamician and Silber, Ber., 46, 1558 (1913). 
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for acetic acid, pyruvic acid, acetaldehyde and carbon dioxide. Others6 
have exposed solutions of lactic acid containing uranyl sulfate and meas- 
ured the amount of uranyl sulfate reduced and the amount of acetalde- 
hyde formed. 

In the present investigation a solution of lactic acid was shaken with 
oxygen while being exposed to the visible and ultraviolet radiation from 
a quartz mercury lamp. Radiation of wave length longer than 2890 A. 
was only slightly absorbed. Thermochemical data6 show that the de- 
composition of a dilute solution of lactic acid into dilute ethanol and a 
saturated solution of carbon dioxide evolves about 3.7 kilogram calories. 
The longest wave length of radiation that accomplishes this change is 
equivalent to 112 kilogram calories. I t  is not surprising that the ethanol 
formed under these conditions reacts with oxygen dissolved in the solu- 
tion. The main products of the reaction are acetaldehyde, a peroxide 
and acetic acid. Quantitative data were obtained on all the above prod- 
ucts, as well as on the other substances formed in smaller amounts. Etha- 
nol and pyruvic acid were not found in the reaction mixture. The amount 
of oxygen used was determined. 

Apparatus.-The apparatus was substantially the same as that pre- 
viously des~ribed.~ A Hullet gas buret7 was introduced between the 
reaction vessel and the Topler pump by means of a three-way stopcock 
in order to measure the amount of oxygen introduced. This buret and 
the gas analysis buret were in a water-bath kept at  25.0° by a thermostat. 
The shields between the mercury arc and the reaction vessel were removed 
so that the latter received the same amount of radiation over the full 
length of its stroke. 

Experimental Part 
Before all experiments, the quartz windows were cleaned with cleaning solution, 

the thermostat filled with distilled water, and the temperature brought to 25.0'. The 
reaction tube contained 21.38 cc. of 1.140 N lactic acid, enough to make i t  about half 
full. The rate of shaking was 310 r. p. m. with a 6-cm. stroke. With a total pressure 
of oxygen and water vapor of 760 mm., the solution dissolved 0.70 cc. (2.8 X 10-6 mole) 
of oxygen. The usual procedure was to evacuate the system, after the reaction vessel 
containing the solution had been attached, then to introduce a measured quantity of 
oxygen, start the shaking and illuminate the solution for one hour. During this time 
the pressure was held a t  760 mm. and the decrease in the gas volume observed. Inas- 
much as from 5 to 17 cc. of carbon dioxide remained dissolved in the solution, the de- 
crease in volume was large. At the end of an hour the gas was about 50% oyxgcn. 
The gas was then pumped into the gas analysis buret, the reaction vessel being shaken 
to remove the carbon dioxide in solution, and analyzed for carbon dioxide, decrease in 
volume on ignition, and carbon dioxide produced by ignition. The oxygen used was 

8See Neuberg, Biochem. Z., 13, 305 (1908); 29, 279 (1910); Bolin, Z. physik. 
Chem., 87,490 (1914); Miiller, Biochem. Z., 178,77 (1926). 

Meyerhoff, $bid., 129, 594 (1922); "International Critical Tables," Vol. V. 
Taylor and R. M. Burnr, T w s  JOURNAL, 43,1275 (1921). 
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assumed to be the volume introduced minus the volume recovered. The volume re- 
covered was taken to be the volume of the gases after the removal of the carbon dioxide 
minus the volume of carbon dioxide produced on ignition. The aldehyde produced had 
no  effect on the gas analysis in the one-hour runs. I n  the following tables all gas volumes 
are corrected to the dry gas a t  0" and 760 mm. All distillations and analyses were car- 
ried out in all-glass apparatus. 

Dark Reaction Rate.-As far as could be observed there was no 
reaction in the dark. 

Oxygen-Carbon Dioxide Ratio.-On illumination, the volume of the 
gas in the system was found to decrease with a slowly diminishing 
rate for about eighty-five minutes, followed by a sudden evolution of about 
4 cc. of gas. For this reason the runs were limited to sixty minutes. 
Numbers 1 and 2 in Table I are the results of two runs which were con- 
tinued for five hours with the gas in the system analyzed and fresh oxygen 
introduced each hour. Run 3 was made with 50% lactic acid. Tables 
I1 and IV include one-hour runs. 

TABLE I 

VALUES IN CC. 
Run 1 

1st hour Zd hour 3d hour 4th hour 5th hour 

Oxygen absorbed 16.7 21.9 23.7 26 .0  27.4 
Carbon dioxide produced 13.62 19.87 23.07 26.01 28.08 
Decrease on ignition 0.13 0 .13  0 .27  0 .28  0.30 
Carbon dioxide by ignition .20 .20 .25 .25 .31 

Rrin 2 

Oxygen absorbed 16.6 21 .0  23.0 24.4 25.8 
Carbon dioxide produced 13.16 19.43 22.04 24.00 25.07 
Decrease on ignition 0.08 0 .13  0.22 0 .22  0 .26  
Carbon dioxide by ignition .16 .16 .19 .21 .27 

--- Run 3----- 

Oxygen absorbed 38.5 34.2 35.2 
Carbon dioxide produced 27.17 29.53 33.47 
Decrease on ignition 0.18 0.27 0.28 
Carbon dioxide by ignition .36 .62 .34 

Carbon Dioxide-Acetic Acid Ratio.-After the aldehyde and the 
alcohol had been removed from the reaction mixture by distillation through 
a fractionating column, the residue and washings of the column were made 
up to 100 cc. and distilled. Water was admitted as fast as it distilled out 
and the process continued until 300 to 500 cc. of distillate had collected. 
Preliminary experiments showed that the greater part of the acetic acid 
distilled with the first 250 cc. This distillate was divided into two equal 
portions, one titrated with barium hydroxide to find the total acidity, 
the other oxidized by the Bourcart-Kuriloff8 method to determine the 
lactic acid which had also distilled. Under these conditions this amounted 

Poznanski, THIS JOURNAL, 50,981 (1928). 
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to about one-third of the total acid distilling. Table I1 gives the results 
of one-hour runs. In order to be sure that the rate of shaking was not 
a limiting factor, Experiments 3 and 4 of Table I1 were carried out with 
half the usual quantity of lactic acid and with the shaking rate increased 
from 310 to 375 r. p. m. In five one-hour runs on the same sample of 
lactic acid, the yield of acetic based on carbon dioxide was 70.3%. 

TABLE I1 

VALUES IN MOLES X 
Run number 1 
Oxygen absorbed 888 
Carbon dioxide produced 719 
Decrease on ignition 3 .5  
Carbon dioxide by ignition 6 .3  
Acetic acid formed 536 
Yield of acetic on carbon dioxide. % 74.5 

Acetaldehyde-Acetic Acid Ratio.-No gas analyses were made in 
these experiments because of the danger of removing some of the alde- 
hyde. The aldehyde and the alcohol were removed by distillation through 
a 15-cm. glass bead rectifying column and the residue analyzed in the 
usual manner. Half the aldehyde-alcohol mixture was analyzed by oxi- 
dation, half was analyzed for alcohol after the aldehyde had been re- 
moved by distillation from sodium bisulfite and the sulfurous acid removed 
by distillation from basic solution. At the same time two samples of lac- 
tic acid were similarly analyzed for alcohol. No correction was made 
for the amount of formaldehyde in the acetaldehyde. Colorimetric de- 
terminations indicated that a series of five one-hour runs produced over 
five times the amount of acetaldehyde that was produced in one hour. 

TABLE I11 

VALUES IN MOLES X 10" 

Acetaldehyde 236 228 
Ethanol 14 13 
Ethanol in lactic acid 14 14 
Acetic acid formed 597 612 
Acetaldehyde oxidized to acetic acid, % 71.7 72 8 

Peroxide Formation.-As soon as the period of illumination was over 
the contents of the tube were run into an acid solution of potassium iodide. 
At the end of an hour the liberated iodine was titrated. I and I1 were 
one-hour runs, I11 was a five-hour run with fresh oxygen supplied every 
hour. 

I 5.12 cc. of 0.098 N Na2S203 or 0 000251 moles of peroxide 
I1 5.40 cc. of ,100 N NazSz03 or 000270 moles of peroxide 
111 4.56 cc. of .I23 N NazSzOa or .000280 moles of peroxide 



5276 G. RICHARD BURNS v01. 52 

When the reaction mixture was allowed to  stand for forty-eight hours 
before analysis the peroxide content dropped to 0.00010 mole and the 
aldehyde to 0.00012 mole. 

Formaldehyde.-The aldehyde fraction of the distillate from the reac- 
tion mixture turned Schiff's reagent blue in the presence of sulfuric acid. 
Formaldehyde gives this reaction while acetaldehyde does not. The 
approximate amount of formaldehyde present was determined by a colori- 
metric niethod based on this reaction. T o  one-quarter (5 cc.) of the 
distillate were added 5 cc. of 1 to 3 sulfuric acid and 5 cc. of basic fuchsin 
almost decolorized by sulfurous acid. The color developed was compared 
with that developed by 5 cc. of standard formaldehyde solution treated in 
the same manner. The concentration of the standard solution was de- 
termined by oxidation. 

One-quarter of distillate was 1.24 stronger than the standard 
One-quarter of distillate was 1.23 stronger than the standard 
80 cc. standard = 0.56 cc. of 0.200 N KzCrzOr or 0.000009 mole 
10 cc. standard = 0.066 cc. of 0.200 N K~Crs07 or 0.000008 mole 

The residue from the distillation gave a test with Schiff's reagent. The 
substance giving this test was not identified. 

Formic Acid.-No satisfactory test for formic acid in the presence of 
lactic and acetic acid was found. Formic acid reduces silver nitrate in 
acid solution while none of the known constituents of the reaction mixture 
does. The reaction mixture reduces silver nitrate, producing less silver 
than that reduced by 0.000004 mole of formic acid in a mixture contain- 
ing lactic acid, formaldehyde and acetaldehyde in the same proportions 
as the reaction mixture. The residue of the reaction mixture which was 
left after steam distillation of the acetic acid did not reduce silver nitrate, 
while the distillate did so. 

Quantum Yield.-The quantum yield in the decomposition reaction is 
probably between 0.5 and 1.0. Absorption measurements on the oxi- 
dation reaction mixture show that, after one hour of illumination, i t  ab- 
sorbs about 35% more radiation than the lactic acid. These measure- 
ments were made with two thermopiles and galvanometers so that the 
amount of radiation from the lamp and the amount transmitted by the 
solution could be determined simultaneously. Several pairs of determi- 
nations were made in which the solution was exposed without oxygen 
for one hour, then oxygen was admitted and the solution exposed for 
another hour. An attempt was made to keep the radiation constant for 
each pair of runs. The results are given in Table IV. 

Wave Lengths Absorbed.-The following absorption measurements 
were made in the reaction tube as soon as i t  was removed from the thermo- 
stat. Unoxidized lactic acid absorbed completely to 2535' A. After 
one hour of oxidation i t  absorbed to 2894' A., after five hours some of the 
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TABLE IV 
VALUES IN CC. 

No 0 2  0 2  No 0% 0 2  No 0 2  0, 
I I1 111 

Oxygen . . 16.3 . . 14.7 . . 15.4 
Carbon dioxide 4.07 13.57 3.78 12.63 3.77 13.62 
Decrease on ignition 0.54 0.18 0 52 0.11 0 .40  0.13 
Carbon dioxide by ignition .63 .15 .63 .18 .48 .20 
Times increase of carbon dioxide 3.33 3.34 3.61 
Times increase in moles of gases 3.02 3.03 3.34 

line a t  2967 A. The 50% lactic acid absorbed some of the 2700 A. line 
a t  the start. The alkaline solution of sodium lactate absorbed some of 
the 3300 A. line after four hours of oxidation. 

Oxidation of the Lactate Ion.-A solution was prepared which con- 
tained two equivalents of sodium hydroxide to one of lactic acid, the lac- 
tic acid being in the same concentration as in the previous runs. The 
quantities of oxygen used per hour in a four-hour run were: 3.81, 3.12, 
3.29, 2.96 cc. 

Subsequent Dark Reactions.-After the gases had been removed the 
reaction mixture was allowed to stand in the dark for twenty-four hours, 
the gas formed during this time was removed, and the process repeated 
a t  the end of the next twenty-four hours. 

TABLE V 
VALUES IN CC. 

Run 1 Run 2 
24 hours 48 hours 24 hours 48 hours 

Carbon dioxide 2.36 0.65 1.86 0.66 
Ignition 0.36 .06 0.38 . .19 
Carbon dioxide on ignition .18 .03 .18 -10 

Pyruvic Acid.-No pyruvic acid was found in the reaction mixture 
although the test used would have shown the presence of 5 X mole. 

Discussion of Results 

On the basis of the amount of carbon dioxide evolved: the oxygen 
used was 118%; peroxide formed, 32%; pyruvic acid, none; carbon 
monoxide, 0.4%. As the oxidation was continued for longer periods, 
the carbon dioxide given off became equal to the oxygen used. The 
amount of peroxide in the solution remained constant after the first hour 
of oxidation. The aldehyde concentration increased. The above re- 
sults are the only ones that represent the condition of the reaction mixture 
a t  the end of the period of irradiation. In the distillation which is neces- 
sary for the analysis of the other products, the peroxide may decompose 
or may react with certain constituents of the reaction mixture. The 
products isolated by distillation were acetic acid, 75% (on carbon dioxide) ; 
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acetaldehyde, 28%; formaldehyde, 1%; ethanol, none; formic acid, 
not more than 0.4y0. When the solution was allowed to stand for forty- 
eight hours before analysis, an additional 12% of carbon dioxide was 
evolved, the peroxide content dropped to 10yo and the aldehyde to 12%. 
The quantum yield in this reaction is several times that of the decompo- 
sition reaction without oxygen. The above figures are unavoidably sub- 
ject to certain errors inasmuch as the amount of lactic acid decomposed 
was extremely small and the separation of the decomposition products 
from the undecomposed acid and from each other was difficult. 

The results do not exclude the possibility that one of the reactions 
follows this course: the lactic acid is first decomposed into carbon 
dioxide and ethanol. The ethanol, which must contain part of the energy 
from the absorbed radiation, is then oxidized to acetaldehyde. This 
acetaldehyde is oxidized to acetyl peroxide, probably after the absorp- 
tion of additional radiation. Bowen

g 
has recently shown this to be the 

case with acetaldehyde and oxygen alone. The acetyl peroxide subse- 
quently reacts with acetaldehyde to give acetic acid. In order to  account 
for the amount of oxygen used it would be necessary to assume the for- 
mation of some compound other than those described. No such com- 
pound could be identified although the reaction mixture contained a non- 
volatile reducing agent. Work is now being undertaken on propionic 
acid in the hope that this point will be cleared up. A similar decompo- 
sition of pyruvic acid shows that the readion proceeds iii a manner which 
is entirely unlike that of lactic acid. 

Summaq, 
1. When lactic acid is decomposed by ultraviolet radiation in a solu- 

tion containing dissolved oxygen, the chief products are carbon dioxide, 
acetaldehyde, a peroxide and acetic acid. The amount of each of these 
decomposition products has been measured. 

2. Neither ethanol nor pyruvic acid is formed. 
NEW HAVEN, CONNECTICUT 

@ Bowen and Tietz, J.  Chem. Soc., 132,234 (1930). 
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[COMMUNICATION NO. 46 FROM THE EXPERIMENTAL STATION O F  E. 1. DU PONT DE 

NEMOURS & CO.] 

STUDIES ON POLYMERIZATION AND RING FORMATION. Vn. 
NORMAL PARAFFIN HYDROCARBONS OF HIGH MOLECULAR 

WEIGHT PREPARED BY THE ACTION OF SODIUM ON 
DECAMETHYLENE BROMIDE 

BY WALLACE H. CAROTHERS, JULIAN w. HILL, JAMBS E. KIRBY AND RALPH A. JACOBSON 

No rationally synthetic and practical methods for the preparation of 
giant individuals of the simpler homologous series are available, and one 
of the objects of the experiments here reported was to explore the possi- 
bilities of bifunctional Wurtz reactions as a means of access to this realm. 

The first step in simple Wurtz reactions is the formation of the corre- 
sponding sodium alkyl, RNaS1 This normally couples with the halide, 
forming the hydrocarbon R-R, but it may react in other ways and yield 
by-products. Sodium ethide reacts with diethyl ether 

CzH5Na + (CZHE.)~~ = C2H.s + CaHaONa + CzHa2 

and one may expect the formation of considerable amounts of the hydro- 
carbon RH when the Wurtz reaction is carried out in that solvent, 

The experiments presently described are concerned with the action of 
sodium on decamethylene bromide in ethereal solution, and the normal 
course of this reaction including that due to the participation of the solvent 
(but ignoring for the moment the possibility of intramolecular reaction) 
may be formulated as follows 

Br(cH~)~oBr + 2Na = Br(CH&oNa + NaBr 
~r(CH2)loNa + (CZHS)ZO = H(CH2)loBr + CzHsONa + CzHI 
Br(CHa)t&a + Br(CHz)l~Br = Br(CHe)aoBr + NaBr 
H(CH2)loBr + 2Na = H(CH2)loNa + NaBr 
H(CHS)~ON~ + (CaH6)zO = H(CH2)ioH + CzH60Na + CzHl 
HICH.I.&a 4- HICH,llnBr = H(CHr)lnH + NaBr -- , -- -,A"- 
H(CH2)loNa + B;(CH&B~ = H(CH;)~~B; + NaBr 
H(CHa)loNa + H(CH2)zOBr = H(CHe)8dH + NaBr 
H(CH9hoNa + Br(CHz)20Br = H(CH2)zoBr + NaBr 
H ( C H ; ) ~ ~ B ~  + 2 ~ a '  = H ( C H ~ ) ~ ~ N ~ ' +  NaBr 
H(CH2)da + Br(CH2)loBr = H(CHa)60Br + NaBr, etc. 

The product will be composed of individuals-of the general formula 
H [(CH~)I~],H and possibly of similar chains terminated at one or both ends 
by bromine atoms. The length of these chains will be determined by the 
relative rates of reaction of the sodium compounds with the solvent and 
with the halides. Solubility effects may also come into play. 

The suitability of this reaction as a source of straight chain hydrocarbons 
will depend upon the extent to which it is possible to avoid undesirable 

Schorigin, Ber., 40, 3111 (1907); 43, 1931 (1910); Schlubach and Goes, ibid., 
55, 2889 (1922); Ziegler and Colonius, Ann., 479, 135 (1930). 

a Schorigin, Ref. 1; Ber., 41,2723 (1908). 
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side reactions, and some indications on this point may be had from the 
known behavior of simple halides. Sodium and n-heptyl bromide a t  the 
boiling temperature give tetradecane, 67y0; heptane, 9%; heptene, 3%; 
heneicosane, 3%; hydrocarbons of higher molecular weight, some.3 
Sodium and butyl bromide in ether under specified conditions give n- 
octane, 68%; butane ?, ?%; butene, ca. 1.5%; dodecane, ca. 0.15%; 
hexadecane, ca. 0.05%.4 In both these typical cases the principal by- 
product is probably the hydrocarbon RH. In the reaction of the dihalide, 
this type of by-product would be identical with one of the normal reaction 
products. The higher hydrocarbons from butyl bromide and from heptyl 
bromide are probably not straight chains, and the formation of analogous 
products from the dihalide would be definitely pernicious because of the 
difficulty of separating isomeric individuals of high molecular weight. 
The quoted data on butyl bromide indicate however that in simple Wurtz 
reactions in ether not more than traces of these higher by-products need be 
formed. 

The action of sodium wire on decamethylene bromide in absolute ether 
has been studied by Franke and Kienberger.6 The reaction proceeded 
smoothly to  completion, and the products isolated were: n-decane, 34%; 
Czo hydrocarbon, 30%; a small amount of C40 hydrocarbon; and a con- 
siderable amount of solid hydrocarbon of higher molecular weight. All of 
these products were free of halogen. The melting point of the C ~ O  hydro- 
carbon identifies it as n-eicosane. The formation of large amounts of 
n-decane apparently puzzled Franke and Kienberger, and they repeated 
their experiments with elaborate precautions to exclude water and alcohol 
from the solvent and the halide. The results were the same. n-Decane 
and n-eicosane are, however, strictly normal products of the reaction as it 
has been formulated above. The fact that Franke and Kienberger could 
find neither decene nor cyclodecane in the products is worthy of note, for 
any side reaction would almost certainly be accompanied by the formation 
of some decene, and any intramolecular reaction by the formation of some 
cyclodecane. These data indicate that the course of this reaction is, a t  
least for the most part, strictly normal and exclusively intermolecular. The 
major part of the product is composed of relatively short chains, but this 
is a matter which may be expected to be susceptible of some control by 
changes in the experimental conditions, and, as it appears to be in fact, 
especially by increase in the surface of the sodium. 

We had already treated decamethylene bromide in ether with finely di- 
vided sodium with stirring before Franke and Kienberger's paper had come 
to  our attention. The product, obtained in good yield, was an ether-in- 

Bachmann andlclarke, TEIS JOURNAL, 49,2089 (1927). 
* Lewis, Hendricks and Yohe, ibid., 50, 1993 (1928). 
6 Franke and Kienberger, Monatsh., 33, 1189 (1912). 
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soluble solid, and no material boiling as low as n-decane was present. This 
product, by extraction and crystallization, was separated into C20H42, 

CsoHsz and C40H82, each fairly pure, representing together about 25% of 
the total, and a higher fraction, m. p. 108-112", representing about 75y0 
of the total. This contained 1.39% organic halogen, from which i t  was 
freed by heating and stirring it with a small amount of molten sodium in 
boiling butyl ether. The apparent molecular weight of the resulting hydro- 
carbon was about 1000. No individuals could be isolated from it by re- 
peated fractional crystallization, and it could not be distilled a t  0.1 mm. 
pressure. It was finally separated into a series of individuals by distilla- 
tion in the molecular still and by crystallization of the distillates. 

Preparation of the Hydrocarbon Mixture.-In a 500-cc. flask provided with a 
reflux condenser and a mercury-sealed mechanical stirrer, 95 g. (1.52 atoms) of sodium 
was pulverized under hot xylene. The xylene was removed and replaced by absolute 
ether, and then 75 g. (0.25 mole) of decamethylene bromide was added. The reaction 
mixture was stirred continuously. It soon developed a deep blue color. It was gently 
heated for one hour and then allowed to boil without external heating for two and one- 
half hours. Finally it was heated for two and one-half hours more and then allowed to 
stand overnight. The excess sodium in the thick mass was decomposed by alcohol, a 
large volume of water was added, and the mixture was atered with suction. The only 
material found in the ethereal layer of the filtrate was 0.5 cc. of an oil boiling a t  240- 
330". The soft white residue on the funnel liquefied almost completely on being 
stirred with boiling water and solidified to a crystalline mass on cooling. It weighed 
30.5 g. (87.1% calculated as CHI). I t  melted from 85 to 100° and contained bromine 
(found, 2.17, 2.27%). This solid was heated and vigorously stirred for five hours 
with 7 g. of molten sodium in boiling butyl ether. The excess sodium was decomposed 
by alcohol, a large volume of water was added, and the mixture was atered. The solid 
residue on the funnel was washed with boiling water and dried. It weighed 21 g. 
I t  was free of halogen and melted from 87 to 105O. This is the material which was sub- 
mitted to fractionation in the molecular still. After the butyl ether had been removed 
from the non-aqueous layer of the distillate, there remained 6 g. of a soft waxy solid 
melting a t  48-54 O. 

Separation of the Hydrocarbon Mixture.-Eight grams of the solid 
hydrocarbon, m. p. 87-105", described above was heated in a small mo- 
lecular still6 provided with a water-cooled condenser and a trap cooled with 
liquid air. The pressure in the system was continually maintained below 
10-6 mm. Fractions were collected as follows. 

Temp. of bath, "C. Wt. of distillate, g .  M. p. of distillate, O C .  

130 0 . 7  35 - 55 
150-160 .27 60 - 75 
150-160 .15 60 - 78 
150-160 .20 77 - 79 

160 .12 78 - 81 
180 .20 79 - 84 
190 .19 87 - 89 

6 Washburn, Bur. Standards J. Research, 2,476 (1929). 
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Tcmp. of bath, OC. 

195 
195 

200-220 
250 
250 
250 
2.50 
250 
2.50 
300 
300 

Wt. of distillate, g. 

.08 
.10 
.52 
3 1 

. I  1 
.20 
. 10 
.06 
.08 
.47 
.17 - 

Total 4.02 
Residue 3.16 
Loss 0.82 

M. p. of distillate, O C .  

87 - 91 
90 - 90 5 
90.6- 92 
94.5- 97 
96 - 98 
07 - 99..? 
98 -100 5 
99 -101 
99 -102 

103 -105 
103 -106.5 

The loss is due to the impossibility of quantitatively removing the distil- 
late from the condenser. In this distillation the average area of the evap- 
orating surface was about 18 sq. cm. About twenty hours was required 
for the collection of each of the above listed fractions. When the tempera- 
ture of the heating bath was raised above 300° with the view of distilling 
the residue, the pressure rose and no distillation could be effected. 

The distillates were grouped together into eight fractions and redistilled. 
The rate of distillation from these partially purified materials was very 
much higher than from the initial mixture. The distillates were crystal- 
lized to constant melting points. The properties of all the fractions thus 
obtained are indicated in Table I. 

Hydro- 
carbon 

CzoH4a 
c30H62 
CaH8z 
csaH1oz 

C~oHizz 
C ~ H ~ B  
Soluble 

residue 

Solvent used 
M. p. for crys- Distn. Anal. calcd. Anal. found 

found, OC. tallization temp., 'C.  C H C H 

35 - 35.6 Abs. EtOH 60' 85.00 15.00 85.45 15.03 
65 - 66 Abs. EtOH $- EtzO 100 85.21 14.79 85.28 14.45 
80.5- 81 Ethylene chloride 150 85.31 14.69 85.59 14.74 
91.9- 92.3 Ligroiu -k petroleum 

ether 200 85.37 14 63 85.34 14.53 
98 5- 99.3 Butyl acetate 250 85.41 14.59 85.66 14.34 

105 -105.5 Butyl acetate 300 85.44 14.56 85.50 14.58 

110 -114 Butyl acetate Not distillable 

Identity and Properties of the Hydrocarbons.-The melting points 
36.707 and 65.6-66°,8 respectively, have been assigned to n-eicosane and 

Krafft, Ber., 19, 2220 (1886). The CZ0 hydrocarbon of Franke and Ki6nberger 
(Ref. 5) which melted a t  36" was unquestionably n-eicosane; and their C40 hydrocarbon, 
which melted at 72O, was probably a mixture of n-triacontane and n-tetracontane. 

8 Gascard, Ann. chinz., [9] 15,332 (1921); Peterson, Ber., 12,741 (1879). 
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n-triacontane, and these values are in good agreement with our observa- 
tions. The other four hydrocarbons listed in Table I are all new, and the 
last one stands six atoms above any paraffin previously described. Several 
intermediate members of this same series have been described, however, and 
from the available data it is possible to construct a smooth curve of melting 
points covering the range CIS-C~O. 
The usefulness of such a curve loo 
in estimating the most probable 
values for individual hydrocarbons 80 
has already been emphasi~ed,~ and 
in the curve presented in Fig. 1 
the crosses are Hildebrand and 60 
Wachter's estimates of the best , 50 
values for hydrocarbons in the a 
range C19-CS. We have used a 3 
method of plotting similar to that 8 40 
suggested by Austin1° and have 
included the values for the three 3 

a 30 
previously known hydrocarbons 2 

P above C3eH~4. These are C64H110, 
C62H126 and C64H130, all described 
by Ga~ca rd .~  Our data and those 20 
of Gascard fall very close to the 
same smooth curve which fits the 
best data for the lower hydrocar- 15 
bons, and this fact incidentally 
affords confirmation of Hildebrand 
and Wachter's contention that the 
melting points accepted by the 
"International Critical Tables" for 20 40 60 80 100 

Melting points ol hydrocarbons. OC. 
some of the hydrocarbons in the Fig. 1.-Norma1 paralfins: ., Gascard, 
range C24 to G32 are much high' Ann. chim., [9] 15,332 (1921); +, Hiide'oranl; 
Hell and Haegele described di- and Wachter, THIS JOURNAL, 51,2487 (1929) ; 
myricyl in 188911 and ascribed to it 0, new data. Cyclopolymethylenes: A, 
the formula C60H122. This ascrip- Ruzicka and co-workers. Helv. Chim. Acta, 9,  

tion acquired the sanction of recog- 499 (1926); 11,496 (1928). 

nition by Beilstein (third and fourth editions) and remained unquestioned 
until evidence that the myricyl radical contains 31 carbon atoms appeared. 
In 1921 Gascard8 concluded that Hell and Haegele's hydrocarbon was CS2H124 
and that hexacontane had never been prepared. Our data confirm this 

Hildebrand and Wachter, THIS JOURNAL, [9] 51,2487 (1929). 
lo Austin, ibid., 52,1049 (1930). 
11 Hell and Haegele. Ber., 22,502 (1889). 
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conclusion. Hexacontane melts a t  98.5 to 99.3O, while the observed melt- 
ing points ascribed to dim~ricyl have ranged from 100.5-102°. 

Independent proof of the identity of the six hydrocarbons is furnished 
by x-ray diffraction patterns which have been obtained by Dr. A. W. Ken- 
ney and will be described in a separate publication. 

Melting point data are available for only five cyclic polymethylenes 
above Clo. These fragmentary data do not fall on any smooth curve (see 
Fig. l), but they are all widely enough separated from the data for the 
normal paraffins to provide additional assurance that none of our paraffin 
compounds are cyclic. 

Under the heading distillation temperature in Table I are listed the mini- 
mum bath temperatures required to effect evaporation at  a moderate rate 
in the molecular still. These temperatures are quite characteristic since 
they are, in each case, only a few degrees above the temperatures at which 
no distillation occurs. Using the Langmuir formula6 it is possible to make 
a rough calculation of the order of magnitude of the vapor pressures of 
these hydrocarbons from the minimum distillation temperatures. Such 
calculations indicate a value less than 0.01 mm. for heptacontane at  300° 
and a value less than 1 mm. for triacontane a t  100C. Heptacontane has a 
molecular weight of 983, and it is probable that no organic compound of 
much higher molecular weight than this can ever be distilled under any ex- . perimental conditions however favorable. The residue remaining from the 
removal of the heptacontane undoubtedly contained some octacontane, 
but none of this distilled out at a bath temperature of 300' and when the 
temperaturd was raised higher than this, decomposition set in. This ex- 
perimental result agrees remarkably well with the inferences to be drawn 
from the data presented by Meyer and Dunkel.12 From these data one can 
calculate that the molecular cohesion of heptacontane will be about 71,000 
calories and that of octacontane about 81,000 calories. Since the heat of 
separation of the carbon-carbon bond is about 75,000 calories, it should be 
possible to distil the first of these compounds, but not the second. Satu- 
rated paraffins have, in general, a lower molecular cohesion for a given mo- 
lecular weight than any other types of compounds, and hence the limit of 
distillability will be found at  a lower molecular weight for other compounds 
than hydrocarbons. These results are also in agreement with data of a 
different kind presented by Burch13 who, by distilling a Pennsylvania pe- 
troleum in a molecular still, obtained as the highest distillable fraction a 
material having an apparent average molecular weight of 801 and a residue 
of apparent molecular weight of 1550. 

The physical properties of n-heptacontane are similar to those ascribed 
to dohexacontane and tetrahexacontane. I t  is very slightly soluble in 

lP Meyer, Naturw., 16,781 (1928); Dunkel, 2. Bhysik. Chem., 138,42 (1928). 
18 Burch, Proc. Roy. Soc. (London), 123,271 (1929). 
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boiling alcohol, ether or petroleum ether, but crystallizes well in the 
form of minute needles from hot butyl acetate or benzene. It dries to  a 
starch-like powder which has a great tendency to become electrified. 

It was hoped that it might be possible to isolate hydrocarbons much 
higher than heptacontane, since information concerning simple individuals 
of very high molecular weight would be of great importan& to  the study 
of macromolecular materials generally, but there seems little probability 
of achieving this result without some change in method or advance in 
technique. The residue from which the n-heptacontane was distilled is 
a mixture which undoubtedly contains n-octacontane, n-nonacontane, 
n-decacontane and still higher hydrocarbons. I t  is readily soluble in 
hot butyl acetate (except for a trace of insoluble and infusible material), 
and i t  separates as a powder melting a t  110-114°. Its apparent average 
molecular weight in boiling benzene is about 1300. (Calcd. for C~OHISZ, 
1263.) By extraction with hot ethylene chloride, i t  was separated into 
fractions melting a t  100-107°, 106-111° and 110-114°. In  a sense this 
mixture is a polymeric homologous series, but its solubility is much lower 
than that of such supposedly analogous series of higher molecular weight as 
polystyrene and hydro-rubber. I t  resembles a probably similar but more 
complex mixture of hydrocarbons obtained by Fischer and Tropsch by 
the catalytic hydrogenation of carbon monoxide.14 

There is one point bearing on the behavior of highly polymeric materials 
which is capable of a rough preliminary test with the series of hydrocarbons 
described above. It has been suggested16 that the apparent decrease of 
molecular weight (decrease of viscosity, etc.), which is observed when rub- 
ber and other very high polymers are gently heated or treated with certain 
mild chemical agents or subjected to mechanical stresses, is real and is due 
to the fact that the thermal stability of molecules decreases continuously 
with increasing size, and in these materials has reached so low a value that  
cracking occurs a t  slightly above room temperature. Samples of each of 
the hydrocarbons from CaO to C7,, were sealed off in small bulbs under nitro- 
gen and heated side by side in a metal-bath After five minutes a t  400° all 
the melting points were unchanged. After five minutes a t  410° the melting 
point of Cro was lowered from 106-107O to 104-105'. The melt, more- 
over, was not clear as before but turbid. The turbidity disappeared 
rather sharply a t  110°-like a liquid crystal. The melting points of the 
other hydrocarbons were substantially unchanged, but, except for Caa, they 
all gave hazy melts which cleared up only a t  temperatures somewhat above 
their true melting points. After five minutes more a t  420' all the melting 
points had become lower (that of CTO most) and there was some coloration. 
The C30 was white, the C40 was cream-colored, and the higher hydrocarbons 

14 Fischer and Tropsch, Brennstoff-Chemie, 8, 166 (1927). 
l6 Staudinger. Ber., 59, 3037 (1926). 
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in regular order were increasingly darker. When the tubes were finally 
opened after five minutes more a t  each of the temperatures 430, 450 and 
470°, they were found to contain considerable gas-most above the C,O 
and least above the C30. Thus, the decrease in thermal stability with in- 
creasing molecular weight which is so marked in passing from methane (ca. 
700') l6 to ethane (ca. 550') ,I7 and from ethane to hexadecane (ca, 470°)18 is 
still detectable in going from triacontane to heptacontane, but it has al- 
ready fallen to such a small value that it would be somewhat unsafe to 
infer that a paraffin hydrocarbon of molecular weight 200,000 or even 
greater might not persist a t  room temperature. 

Mechanism of the Action of Sodium on Decamethylene Bromide.-It 
has already been pointed out that all the observed products of this reaction 
are accounted for by assuming replacement of the bromine atoms of the 
halide by sodium, and the subsequent coupling of this with other molecules 
of the halide, or its reaction with the solvent. The absence of cyclic 
hydrocarbons is not surprising since, although the higher cycloparaffins are 
no less stable than cycl~hexane,'~ the formation of large rings in bifunc- 
tional reactions occurs only under very exceptional c~nd i t i ons .~~  In the 
formation of esters from w-hydroxy acids, amides from amino acids, and 
anhydrides from dibasic acids, intramolecular reaction occurs exclusively 
only if there is a possibility of forming a 5- or a 6-membered ring. The 
behavior of alkylene halides toward metals however is peculiar in that there 
seems to be little tendency toward intramolecular reaction even when a 5- 
or a 6-membered ring might be formed. Thus the action of magnesium 
on alkylene halides leads to considerable coupling, but even from penta- 
methylene halides no cyclic hydrocarbon is formed.21 This suggests that 
the coupling perhaps occurs largely a t  the metal surface where the atoms 
a t  the ends of the chains may be fixed by forces of adsorption and their 
freedom of intramolecular approach hindered. 

Our main objective in the experiments described above was to prepare 
normal paraffins of very high molecular weight, and we made a number of 
attempts to adjust the experimental conditions so as to increase the length 
of the reaction chains. We treated decamethylene bromide with molten 
sodium in boiling butyl ether, with liquid sodium-potassium alloy in ethyl 
ether, with molten sodium in boiling octane and with finely divided sodium 
in the absence of a solvent. There was no evidence of the formation of 
considerable amounts of paraffins higher than C~oo in any of these experi- 

l6 Bone and Wheeler, J. Chem. Soc., 81,542 (1902). 
l7 Williams-Gardner, Fuel Science Practzce, 4,430 (1925). 
l8 Gault and Hessel, Ann. chim., [lo] 2,319 (1924). 
l9 Ruzicka and co-workers, Helv. Chim. Actu, 9,499 (1926); 11,496 (1928). 

Carothers, THIS JOURNAL, 51,2548 (1929); and subsequent papers of this series. 
21 Zappi, Bull. soc. chim., [4] 19, 249 (1916); v. Braun and Sobecki, Ber., 44, 1918 

(1911). 
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ments. We also prepared decamethylene dimagnesium bromide and treated 
i t  with cupric chloride in the expectation that products of the formula 
BrMg [(CHz)lo 1,MgBr would be formed. The chief ~ r o d u c t  (7 1 %I, how- 
ever, after the addition of water, was a volatile liquid apparently chiefly 
composed of decane and decene. The amount of higher boiling material 
(20y0) did not exceed that which would arise from the coupling products 
usually produced in the formation of such reagent.: as decamethylene 
dimagnesium bromide.2' 

Preparation of Decamethylene Bromide.-The preparation, in good 
yields, of a whole series of polymethylene bromides from the glycols via 
the esters of the corresponding dibasic acids has been described by ChuitZ2 
but without great experimental detail. We first attempted to reduce ethyl 
sebacate by Levene and A len's modificationz3 of the original Bouveault 
pr0cedure.~4 In this modification, which has given good results in the 
reduction of esters of monobasic acids, the sodium is first granulated by 
stirring in hot toluene, and the reaction mixture is vigorously stirred during 
the addition of the alcohol-ester mixture. This procedure gave very poor 
yields of decamethylene glycol; the yields were increased by diminishing 
the speed of stirring and became quite good when the stirring was omitted 
altogether. The procedure finally adopted was almost identical with that  
of Bouveault, and the details are given below. 

A condenser having a length of 2 meters and an inside diameter of about 2.5 cm. is 
connected with the side neck of a 5-liter two-necked round-bottomed flask, and the 
central neck of the flask is provided with a 1-liter dropping funnel. One hundred and 
fifteen grams (5 atoms) of sodium in a single piece or in two or three large pieces is 
placed in the flask. One hundred and twenty-nine grams (0.5 mole) of ethyl sebacate 
is dissolved in one liter of thoroughly dried absolute ethyl alcohol and poured into the 
dropping funnel. One hundred and fifty to two hundred cubic centimeters of the al- 
cohol-ester mixture is allowed to fall onto the sodium at  once. After two or three 
minutes the reaction becomes vigorous and the sodium melts. 4 s  soon as the sodium 
has melted another portion (about 100 cc.) of the alcohol-ester mixture is suddenly 
added. This causes the molten sodium to break up into fine particles, and the reaction 
becomes much more vigorous. The rest of the alcohol-ester mixture is then added as 
rapidly as possible (five to six minutes). As soon as the vigor of the reaction has some- 
what subsided, the flask is heated by an oil-bath to 110-115° until most of the sodium 
has dissolved. The ethyl alcohol is then removed from the reaction mixture by steam 
distillation, and the glycol is removed from the residue by extended (about seventy-two 
hours) continuous extraction with ether. The glycol is purified by distillation. The 
combined yield from nine such runs was 593 g .  or 75% of the theoretical. 

Continuous ether extraction as a means of isolating glycols produced by the reduc- 
tion of esters has been successfully used by C. S. Marvel;Z6 otherwise the above pro- 

za Chuit, Helv. Chim. Acta, 9 ,  264 (1926); Chuit and Hauser ibrd., 12, 850 (1929). 
Levene and Allen, J. Biol. Chem., 27, 443 (1916); cf Adams and Marvel, Univ. 

Illinois Bull., 20,50 (1922). 
Bouveault and Blanc, Bull. soc. chim., [3] 31, 666 (1904). 
Private communication. 
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cedure is similar to that which has also been used by Miiller for preparing a series of 
glycols.~ 

Using the method described by C h ~ i t , ~ '  we obtained from decamethylene glycol 
only a 70% yield of bromide and this was contaminated with bromohydrin. The 
following modification of this method gave a purer product and a better yield. 

Dry hydrogen bromide was led into a well-stirred melt of 255 g. (1.47 moles) of 
decamethylene glycol in an open flask until the mass was saturated. The temperature 
of a metal-bath surrounding the flask was kept a t  90-95". After saturation was com- 
plete the bath temperature was raised to 135-140" and a slow stream of hydrogen bro- 
mide was led in for six hours. The reaction mass was then cooled, diluted with benzene 
and decanted from a small amount of water remaining in the flask. The benzene was 
then removed by distillation, and the product distilled under diminished pressure; 
yield, 376 g. (85.5%); b. p., 168-172" (10 mm.). 

Anal. Calcd. for Q&IZ~Brp: Br, 53.33. Found: Br, 53.16, 53.16. 

We are indebted to Mr. W. L. McEwen for the preparation of deca- 
methylene glycol. 

Summary 

By the action of sodium on decamethylene bromide in ether a mixture 
of paraffins of the general formula H-[(CH2)~~]x-H has been prepared. 
By fractional distillation in the molecular still and by crystallization, the 
following individuals have been isolated from this mixture: n-eicosane, 
n-triacontane, n-tetracontane, n-pentacontane, n-hexacontane, n-hep- 
tacontane. The last four of these are new, and the last one has a higher 
molecular weight than any pure paraffin hydrocarbon hitherto described. 
The residue remaining from the separation of the hydrocarbons named 
amounts to about of the total and is composed of still higher members 
of the same series which it has not yet been possible to separate. The 
mechanism of the reaction and the properties of the products are discussed. 

WILMINGTON, DELAWARE 

za Miiller, Monatsh., 49,27 (1928). 



Dec., 1930 AMIDES FROM E-AMINOCAPROIC ACID 5289 

[CONTRIBUTION NO. 42 FROM THE EXPERIMENTAL STATION OF E. I. DU PONT DB: 

NEMOURS & COMPANY] 

STUDIES ON POLYMERIZATION AND RING FORMATION. 
VIII. AMIDES FROM a-AMINOCAPROIC ACID 

6-Aminocaproic acid on being heated reacts with itself and yields two 
products-the corresponding 7-membered lactam, 20-30%, and an un- 
distillable material of approximately the same composition, 8&70%.l 
The following related facts are of interest. 8-Aminobutyric acid and 
a-aminovaleric acid readily lose water and yield the corresponding 5- 
and 6-membered lactams2 No corresponding polymers are formed or 
known. The reaction of S-aminoheptoic acid with itself is apparently 
exclusively intermolecular, for i t  leads to an undistillable product quite 
different in its properties from the known &membered l a ~ t a m . ~  Similar 
relationships are found among the hydroxy acids: y- and 6-hydroxy acids 
yield lactones; a-hydroxy acids yield both lactones and  polyester^,^ and 
the higher w-hydroxy acids yield only the  polyester^,^ although many of 
the higher lactones are knowa6 Polyesters have now been studied in 
some detail,' but (except for polypeptides) little attention has been de- 
voted to the polyamides. In  this paper we record some observations 
concerning the polyamide derived from E-aminocaproic acid. 

Water is rapidly evolved when E-aminocaproic acid is heated above its 
melting point (e. g., to 210-220°). The polymer and the lactam which 
result are readily separated by allowing the latter to distil under diminished 
pressure, or by extracting i t  with boiling alcohol. In  different experi- 
ments the yield of lactam was 20-30% and the polymer 80-70%. The 
same products were obtained by gradually heating the ethyl ester of the 
acid from 160 to  200' during six hours, and the yield of lactam was about 
38%. 

V. Braun, Ber., 40, 1840 (1907) ; Gabriel and Maas, ibid., 32, 1266 (1899) 
Gabriel, ibid., 22,3338 (1889); Schotten, ibid., 21,2240 (1888). 
V.  Braun, ibid., 40, 1834 (1907); Wallach, Ann., 312, 205; 309, 18 (1899); 

Manasse, Ber., 35,1367 (1902). 
Baeyer and Seuffert, ibid., 32, 3619 (1899); Blaise and Koehler, Compt. rend., 

148,1772 (1909); Marvel and co-workers, THIS JOURNAL, 46,2838 (1924). 
(a) Blaise and Koehler, Ref. 4; (b) Chuit and Hauser. Helv. Chim. Acta, 12, 

4634 (1929) ; (c) Lycan and Adams, THIS JOURNAL, 51,625,3450 (1929) ; (d) Blaise and 
Marcilly, Bull. soc. chim., 31,308 (1904). 

Ruzicka and Stoll, Helv. Chim. Acta, 1 1 ,  1159 (1928). 
(a) Lycan and Adams, THIS JOURNAL, Ref. 5c; (b) Carothers and Arvin, i&d., 

51,2560 (1929) ; (c) Carothers and Van Natta, ibid., 52,314 (1930) ; (d) Carothers and 
Dorough, ibid.. 52,711 (1930); (e) Carothers, Dorough and Arvin, ibid., 52,3292 (1930); 
(f) Chuit and Hauser, Ref. 5b; ( g )  Blaise and Marcilly, Ref. 5d; (h) Bougault and 
Bourdier, J. phurm. chim., [ 6 ]  29, 561 (1909); [6] 30, 10 (1909). 
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The polymer is a hard gray wax, insoluble in most organic solvents, 
but soluble in hot formamide, from which i t  separates as a microcrystalline 
powder melting at 212-214'. Its analytical composition agrees very 
closely with that required for the structural unit -NH-(CH2)5CO-. 

Anal. Calcd. for C6Hl1ON: C, 63.71; H, 9.73. Found: C, 63.35, 63.62; H, 
9.93, 10.07. A product from another preparation gave: C, 63.35, 63.45; H, 9.56, 9.43. 

It is quantitatively hydrolyzed in six hours by boiling concentrated 
hydrochloric acid to e-aminocaproic acid (identified by conversion to the 
p-toluenesulfonyl derivative, melting point and mixed melting point, 
105-106'). 

By partial hydrolysis, polyaminocaproylaminocaproic acids are formed. 
Thus, a sample of the polyamide was heated to boiling for one hour in 
concentrated hydrochloric acid solution, and the solution was diluted 
with water to precipitate the unchanged polymer (about 50y0). The 
material remaining in solution, on being treated with alkali and p-toluene- 
sulfonyl chloride, gave a solid product which, after repeated crystalliza- 
tion, showed a neutral equivalent corresponding with the formula C7H7- 
SOz- [NH(CH2)&!0]8-NH(CH2)5COOH (calcd., 607 ; found, 601). The 
structure of the polymer may, therefore, be represented by the formula 

? --NH(CH,)6CO-[NH(CH2)6CO],-NH(CH,)6CO- ? 

It is a true condensation polymer and is formed directly from the amino 
acid by intermolecular reaction. This is proved by the fact that the 
lactam does not polymerize under the conditions of formation of the 
polyamide either in the presence or absence of catalysts. Moreover, 
no lactam can be obtained from the polyamide by heating it to high tem- 
perature in high vacuum. Thus there is no such reversible relationship 
between lactam and polyamide as is found7'ee to exist between six-membered 
cyclic esters and corresponding polyesters. Lactam and polyamide re- 
sult from the amino acid by two independent and simultaneous processes. 
The lactam incidentally is really the 7-ring rNH(CHz)sC07 .8 This was 

L 

proved by identifying its hydrolytic product with e-aminocaproic acid 
through its p-toluenesulfonyl derivative by means of a mixed melting point. 

The polyamide is sufficiently soluble in phenol to permit a determina- 
tion of molecular weight by cryoscopy. Values obtained ranged from 
800 to 1200, and since the errors of this method are such as to lead to low 
results it may be assumed that a t  least 10 molecules of the amino acid 
must have participated in the formation of a single molecule of the poly- 
amide. 

The question of the nature of the groups a t  the ends of the polyamide 

The shifting of a functional group down a chain in attempts to prepare large rings 
by bifunctional reactions has been reported by various investigators. See, for example. 
Blaise and Koehler, Ref. 4. 
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chains cannot yet be answered. The formation of large rings is very 
improbable on theoretical  ground^,^ and in the formation of polyesters 
ring formation is known not to occur-the hydroxyl or carboxyl groups 
still persist a t  the ends of the polyester chain.7b~c~d.sc However, no 
certain evidence of the presence of terminal amino or carboxyl group in 
the molecule of the polyamide could be obtained. The polyamide dis- 
solves readily in cold concentrated hydrochloric acid, but when the solu- 
tion is diluted with water i t  separates unchanged and free from more than 
traces of halogen. It is not soluble in hot or cold aqueous sodium hydroxide 
nor does i t  form any sodium salt. It reacts with molten m-bromobenzoic 
anhydride and, in hot pyridine, with @-bromobenzene-sulfonyl chloride. 
The products contain bromine in amounts which correspond with deriva- 
tives of minimum molecular weights about 1100 and 1500, respectively, 
but in view of the failure of other reactions these cannot be accepted as 
evidence of the presence of free amino groups in the polyamide. At 
present we are inclined to assume that the amino and carboxyl groups 
which would normally be present a t  the ends of the polyamide chains are 
lost by pyrolysis. (The evolution of carbon dioxide during the formation 
of the polyamide could not be detected, but the vapors evolved had a 
strong amine odor.) 

Summary 

E-Aminocaproic acid (or its ethyl ester) on being heated reacts with 
itself both intra- and intermolecularly and yields the 7-ring lactam (ca. 
30%) and a polyamide (ca 70%). The formation of a molecule of the 
latter probably involves a t  least ten molecules of the amino acid. 

WILMINGTON, DELAWARE 

NOTES 

A Method for the Determination of Molecular Weights in Liquid 
Ammonia.-Very recently Schwarzl and Signer2 have published a new 
method for the determination of molecular weights. This method makes 
use of the principle that two solutions in the same solvent confined with a 
common vapor phase will come to the same molecular concentration by 
diffusion of the vapor. 

The advantages of the method are that i t  enables the molecular weights 
of substances of low solubility and large molecular weight to be determined 
accurately; i t  makes possible molecular weight determinations in the same 
solvent a t  different temperatures; and it is adaptable to  micro-manipula- 
tion. 

Carothers, THIS JOURNAL, 51,2556 (1929). 
Schwarz, Monatsh., 53,54,926 (1929). 
Signer, Ann., 478, 246 (1930). 
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Before these publications appeared, we found, employing the same 
method, that the slow diffusion of organic solvents was a great disadvantage. 
To correct this fault we resorted to liquid ammonia as solvent and found 
that  i t  gave excellent results. 

Even with liquid ammonia the time required to reach equilibrium was 
about 150 hours. The rate of transfer varied from 0.1 to 1.0 cc. per day, 
depending on the differences in concentrations of the solutions. 

Apparatus and Procedure.-The apparatus was made by joining two 
long calibrated test-tubes with a U-tube a t  their middle points. The 
tubing was 1 mm. thick and 8 mm. in internal diameter. Into the U was 
sealed a 4-mm. tube by which connection was made with the ammonia 
cylinder. Known quantities of solutes were placed in the calibrated 
tubes, ammonia introduced and the tubes ~ e a l e d . ~  The apparatus, with U- 
tube inverted, was roclied mechanically until equilibrium was attained. 
The final volumes of the solutions were then read and the molecular 
weight of the unknown calculated from the formula, Mz = (zetzvlMl)/(wmz). 
The symbols M, v and w signify molecular weight, final volume and solute 
weight, respectively. The subscripts 1 and 2 refer in turn to the standard 
and unknown substances. 

Data and Discussion.-The results obtained are summarized in Table I. 

MOLECULAR WEIGHTS IN LIQUID AMMONIA 
Volume Volume Mol. wt. 

Expt. Unknown Wt., g. Initial Final Standard Wt. Initial Final Obs. Calcd. 

1 Resorcinol 0.495 8.67 8.52 Resorcinol 0 450 7.50 7.64 108 110 
2 Resorcinol ,495 10.95 8.68 Resorcinol ,450 6.23 7.52 105 110 
3 Mannitol .231 10.33 8.53 Mannitol .300 9.57 11.33 186 182 
4 Mannitol ,231 6.91 8.57 Mannitol .300 12.91 11.33 185 182 
5 Valeramide ,386 9 20 8.55 Valeramide .429 8.77 9.28 99 101 
6 Ammonium .386 11.11 12 22 Ammonium .384 14.52 13.42 59 53.5 

chloride chloride 
7* Thymol .I25 6.48 6.18 Thymol .I41 6.34 6.62 142 150 
8* Thymol .I93 8.23 5 39 Resorcinol .264 7.65 10.46 156 150 
9 Thymol .268 7.79 4.85 Resorcinol .340 4.43 7.37 132 150 

10 Thymol .231 6.82 5.14 Resorcinol .209 6.40 8.09 191 150 
11 Diphenyl- .390 8.43 5.83 Resorcinol .360 7.72 10.28 210 169 

amine 
12 Ammonium .263 7.32 5.91 Resorcinol .500 8 05 9 40 92 53.5 

chloride 
13* Ammonium .325 8.18 9.15 Resorcinol ,307 8.30 7.38 94 53.5 

chloride 
14 Valeramide .457 5.63 7.73 Diphenyl- ,468 6.40 4.35 93 101 

amine 
15 Thymol .I69 8.27 8.47 Diphenyl- . I42 7.88 7.63 181 150 

m i n e  

a Franklin has described the technique used for handling the liquid ammonia, 
J.  Phys. Chem., 15, 509 (1911). 
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Volume volume. 
Expt. Unknown Wt., g. Initial Final Standard Wt. Initial Flnal 

16 Diphenyl- 0.156 8.58 7.82 Mannitol 0.240 8.18 8.78 
amine 

17 Resorcinol .353 7.44 8.48 Mannitol .498 7.81 6 75 
18* Thymol .I48 7.81 5.54 Mannitol .288 7 56 9.72 
19* Naphthalene .l80 6.00 6.49 Mannitol ,177 5.54 4.90 
20* Sorbitol .209 6.10 5.69 Mannitol .276 6 05 6.46 
21* Mannose .I91 11.16 10 00 Mannitol ,301 11.44 12.44 
22* Fructose .348 11.38 15 31 Mannitol ,299 10.67 6.61 
23* a-Methyl .228 8.04 7.68 Mannitol 188 7.19 7.44 

glucoside 

Mol. wt. 
Obs. Calcd. 

133 169 

The data in the table show what accuracy may be expected by the use 
of this method. Undoubtedly more accurate results can be obtained if 
the tubes be put in a constant temperature bath, for better results were 
obtained in a room where the temperature variation was not more than 2O 
(starred experiments) than in the laboratory where the variations were 
much greater (unstarred experiments). 

That the method is correct in principle is shown by the results recorded 
in Expts. 1-7. Here the solutions contained the same solute and reached 
the same molecular concentrations. 

A surprising result was discovered in the case of ammonium chloride. 
Experiments 12 and 13 indicate that this substance exists in the dimolecular 
form in liquid ammonia. 

The low value obtained for fructose (Expt. 22) is probably due to  its 
reaction with the solvent. That such reaction is likely follows directly 
from Strain's4 results obtained with other ketones. 

Should a micro method for molecular weight determinations in liquid 
ammonia be desirable, this method can probably be micrified, because 
Schwarzl has shown that this type of method is adaptable to micro- 
manipulation. 

The writers are indebted to Dr. I?. W. Bergstrom and the Department of 
Chemistry of Stanford University for the liquid ammonia required for this 
investigation. 

Strain, Tms JOURNAL, 52,820 (1930); ibid., 52,1216 (1930). 
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w-Alkylalkoxyaminopropiophenones.-It has been shown by Mannich 
that condensation takes place between ketones, formaldehyde or trioxy- 
methylene and amine hydrochlorides with the formation of 8-keto bases.' 
Later he found that the P-keto bases which were formed by the condensa- 
tion of alkyl aryl ketones with formaldehyde and primary or secondary 
amines possessed local anesthetic a ~ t i o n . ~  

It has been shown that substituted 0-alkylhydroxylamines, in general, 
have the physiological properties of the amines to which they are related.a 
It therefore seemed probable that w-alkylalkoxyaminopropiophenones 
would be local anesthetics. It has been found, however, that these com- 
pounds exhibit only very slight anesthetic action, at least when they are 
applied to the mucous membrane of the tongue. They were synthesized 
by the method of Mannich. 

One molecular equivalent each of acetophenone and 0,N-dialkylhy- 
droxylammonium chloride, two molecular equivalents of trioxymethylene 
and ten molecular equivalents of absolute alcohol were refluxed for twenty- 
four hours. The solution was cooled and dry ether was added. The 
precipitate which formed was dissolved in water and the aqueous solu- 
tion was extracted with ether in order to remove any trace of acetophenone. 
Caustic alkali was then added to the solution of the hydrochloride in water. 
The oil which separated was extracted with ether and the ether solution 
dried with sodium sulfate. After the ether had been distilled off an oil 
remained which was distilled in vacuo. 

w-Methylmethoxyaminopropiophenone was a colorless oil, b. p. (23 mm.) 
159"; yield, 50% 

Anal. Calcd. for CiiHlbOrN: N, 7.25. Found: N, 6.95. 
w-Ethylethoxyaminopropiophenone was a colorless oil, b. p. (9 mm.) 

151-153"; yield, 18%. 
Anal. ClsH190,N: N ,  6 34. Found: N, 6.61. 

In order to prepare the hydrochloride of w-methylmethoxyamino- 
propiophenone, dry hydrogen chloride was passed into a solution of the 
base in dry ether. A white precipitate formed which was dissolved in 
warm chloroform and reprecipitated with ether in order to completely 
purify it; rn. p. 155". 

Anal. Calcd. for CiiH1a0pNCl C1, 15.44. Found: C1, 15.19. 

CONTRIBUTION FROM THE 
FRICK CHEMICAL LABORATORY 
PRINCETON UNIVERSITY 

PRINCETON, NEW JERSEY 

Mannich, Arch. Pharm., 255, 261 (1917); Mannich and Braun, Ber., 53, 1874 
(1920). 

German Patent 379,950; Friedliinder. 14, 1246. 
Jones and Major, THIS JOURNAL. 49,1527 (1927). 
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COMMUNICATIONS TO THE EDITOR 
THE "STAR TRAIL" METHOD FOR THE SPECTROGRAPHIC 

QUANTITATIVE DETERMINATION OF THE ELEMENTS 
Sir: 

Diligent search of the voluminous literature has failed to  disclose the 
"Star Trail" method for the spectrographic quantitative determination 
of the elements as described below. A bright line is isolated from a spec- 
trum by interposing a slotted light stop between the refracting element 
and the telescope of a spectroscope. The image of the line so isolated 
falls upon a film affixed to  a rapidly rotating drum which spreads out 
this line into a band. The rotation serves to equalize any flickering due 
to any cause and to render the band of uniform density, which depends 
upon the concentration of the given element in the solution employed 
and upon the time during which the film is exposed to the light. The 
drtlm carrying the film can be racked up or down so as to expose different 
parts of the film, as desired. 

Spectra due to different concentrations of the same element, employed 
as standards, are exposed in a series with the unknown concentration on 
the same film as a succession of bands, keeping time of exposure and speed 
of rotation of the film as constants. The bands of different density can 
be compared directly by cutting the film across all the bands and bring- 
ing the latter into direct alignment. Density can also be controlled by 
the manner of developing the film. 

Experiments with sodium chloride in concentrations varying between 
0.500 and 0.0250% and exposure of five minutes to a portrait panchromatic 
film gave satisfactory indications of the value of the method. 

Work is now proceeding a t  the University of Illinois with special refer- 
ence to the application of the method to the quantitative analysis of the 
alkali metals. 

DEPARTMENT OF CHEMISTRY A. C. SHEAD 
UNIVERSITY OF ILLINOIS G. FREDERICK SMITH 

URBANA, ILLINOIS 
RECEIVED OCTOBER 10, 1930 
PUBLISHED DECEMBER 18, 1030 

THE PARACHORS OF TWO ISOMERIC CHLORODINITROBENZENES 

Sir: 
In a recent communication1 Sickman and Menzies reported the results 

of a determination of the parachor of 1-chloro-3,4-dinitrobenzene from 
surface tension measurements a t  40 to 60'. This was found to  be approxi- 
mately the same, allowing for "drift of parachor with temperature," as 
that evaluated from Jaeger's measurements2 of the surface tension of the 

1 Sickman and Menzies, THIS JOURNAL, 52, 3327 (1930). 
Jaeger, 2. anorg. allgem. Chem., 101, 117 (1917). 
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1-chloro-2,4-dinitro isomer at  60 to 95'. After pointing out that in both 
these cases the observed parachor is more than 3% lower than that cal- 
culated from Sugden's atomic and structural constants,' the authors 
added, "the latter have been recalculated by Mumford and Phillips." 
By using these newer constants, the discrepancy is not diminished.. . ." 
As will be apparent from the following table, however, this statement is 
incorrect, for the use of the regvaluated constants materially reduces 
the difference between calculated and observed values. 

TABLE I 
PARACRORS OF THE CRLORODINITROBENZENES 

Compound Parachor 

1-Chloro-3,4-dinitrobenzene (Sickman and Menzies 40 to 60') 347.4 
1-Chloro-2,4-dinitrobenzene (Jaeger 60 to 95") 348.2 
Calculated for either compound (Sugden) 358.3 
Calculated for either compound (Mumford and Phillips) 353.2 

The latter value, which was, incidentally, quoted in our original paper 
on the reevaluation6 is the algebraic sum of the constants for the con- 
stituent atoms (viz., 6 of carbon, 3 of hydrogen, 1 of chlorine, 2 of nitrogen 
and 4 of oxygen), and those for the various structural features (viz., 1 
six-membered ring, 5 non-polar and 2 semi-polar double bonds) together 
with the apfiropriate strain constants, in this case one of - 3 units associated 
with each of the nitro groups, and a complex one of - (3.4 + 2.4 + 2.2) = 
- 8 units due to the unsymmetrical accumulation of three negative groups 
around the benzene nucleus. 

It must be noted further that in the case of Jaeger's data for l-chloro- 
2,4-dinitrobenzene, only three measurements a t  lower temperatures have 
been utilized by Sickman and Menzies. A considerably higher mean 
parachor is obtained if the other six determinations are also taken into 
account, as has been done in Table 11. 

Temp., 
"C. 

60.4 
76.2 
95 
114 1 
136 
155.1 
175.5 
190 
204.2 

TABLE 11 
JAEGER'S DATA FOR 1-CHLORO-2.4-DINITROBENZENE 

Surface tension. 
dynes/cm. Density 

45.5 1.515 
43.9 1.497 
42.2 1. 477 
40.4 1.455 
38.3 1.432 
36.4 1.412 
34.5 1.391 
32.9 1.378 
31.5 1.365 

Parachor 

347.2 , 

348.2 
349.4 
350.9 
351.8 
3.52.3 
352.8 
351.9 
351.5 

Sugden, J. Chem. Soc., 125, 1177 (1924). 
Wumford and Phillips, ibid., 2112 (1929). 
6 Mumford and Phiiips, Ref. 4, Table V, p. 2118. 
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The average of all the measurements is 350.7, but as the parachor 
rapidly attains and maintains a mean value of about 351.6, i t  is evident 
that this should be taken as representative of the compound in question, 
and the values in the vicinity of the melting point regarded as anomalous. 
This value, which was quoted in our original paper as the observed para- 
chor of 1-chloro-2,4-dinitrobenzene, is less than 0.5% lower than that  
calculated from our reevaluated constants, namely, 353.2, and i t  would, 
therefore, seem unnecessary to look further for the cause of the apparent 
discrepancy. 

In  the case of the 1-chloro-3,4-dinitro isomer the observed parachors 
likewise increase rapidly with temperature in the vicinity of the melting 
point and it seems likely that here also a higher and truer mean value 
would have been obtained had the measurements been extended to  higher 
temperatures. 

PARACHORS OF ISOMERIC CHLORODINITROBENZENES 
Sir: 

Through the courtesy of the Editor, we are enabled to  add in this issue 
a few words on the subject of the foregoing interesting note. 

In  Table V of their cited article, Mumford and Phillips tabulate 361.2 
under the caption "2 At. P." and -8 under the caption u (or strain con- 
stants). Since the strain constants for the nitro group are not referred to  
until two pages later, we had not understood that these were included in 
the value 361.2, which we took to be a misprint for 367.2, the value for 
the sum of atomic and structural constants. The interpretation of the 
authors is, therefore, very welcome. 

The reason we made our measurements in the temperature range 40-60 O 

was because this was the range used by Miiller, whose enormous dis- 
crepancy i t  was our primary purpose to examine. 

In  comparing the results of Jaeger for the other isomer, we thought i t  
fairest to use the portion of his temperature range closest to 40-60'; and, 
because we noticed that there was an apparent drift of this parachor with 
temperature, we corrected the value for drift in order to  make the best 
possible comparison. When a parachor exhibits such drift, the best 
criterion for its absolute value is, of course, debatable. 

DEPARTMENT OF CHEMISTRY D. V. SICKMAN 
PRINCETON UNIVERSITY ALAN W. C. MENZIES 
PRINCETON, NEW JERSEY 
RECEIVED NOVEMBER 14, 1930 
PUBLISHED DECEMBER 18, 1930 
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THE STRUCTURES OF THE ACETYLMETHYLMANNOSIDES' 
Sir: 

Three new crystalline hepta-acetyl-4-glucosido-methyl-mannoside have 
been prepared by the Koenigs and Knorr reaction: (a) m. p. 185O, tar]% 

+26.7O in chloroform; (0) m. p. 161°, [a]$ -22.3' in chloroform; (7) 
m. p. 167O, [a]: - 12.7' in chloroform. These new compounds appear 
to  be analogous to the three previously known acetylmethylmannosides 
whose structures have been the subject of considerable controversy [Hud- 
son, THIS JOURNAL, 52, 1680 (1930)l. Since the new compounds cannot 
contain a 1,4-ring, that ring structure is eliminated for compounds of the 
corresponding types. The new derivative designated "y" exhibits the 
reactions characteristic of the acetylmethylglycosides which have re- 
cently been assigned an ortho carbonic ester structure by Bott, Haworth 
and Hirst [J. Chem. Soc., 1395 (1930)l and also independently by K. 
Freudenberg [Natumissenschaften, 18, 393 (1930)l. 

The writer has found that the methoxyl group in one of his new com- 
pounds (7) may be replaced by a hydroxyl group, giving a hepta-acetyl- 
4-glucosido-mannose, which does not exhibit mutarotation, [a]: +21.7O 
in chloroform. If the methoxyl group in the parent glycoside were com- 
bined directly with the first carbon atom upon removing the methoxyl group, 
the first carbon would be left free and the new substance would exhibit 
mutarotation. The absence of mutarotation for the new substance indi- 
cates that the methoxyl group in the parent hepta-acetyl-4-glucosido- 
y-methylmannoside was not combined directly with the first or aldehydic 
carbon. Thus the newly found reactions support the Haworth-Freuden- 
berg ortho carbonic ester structure rather than the 1,3-ring structure for 
compounds of this type. 

THE ACTIVATION ENERGY OF ADSORPTION PROCESSES 
Sir: 

A rapid development in experimental researches, during the last decade, 
on adsorption phenomena a t  solid surfaces having catalytic activity has 
served to emphasize the existence of adsorption processes in which a high 
degree of specificity is manifest. This has centered attention on the 
function of valence forces in determining adsorption. The experimen- 
tal work has produced a number of results which, from the standpoint 
of classical adsorption theory, are abnormal. These include abnormal 

Publication approved by the Director of the Bureau of Standards of the U. S. 
Department of Commerce. 



Dec., 1930 NEW BOOKS 5299 

variations of the extent of adsorption with temperature and pressure, 
abnormal variations of the heats of adsorption with temperature and 
pressure, large variations in the velocity of attainment of adsorption 
equilibrium in different systems and in the velocity of evaporation of ad- 
sorbed gases. These several factors also influence the velocity of chemi- 
cal processes occurring a t  the surfaces in question. 

It has now been found that all of these difficulties can be removed and a 
unified method of treatment results once it is grasped that adsorption 
processes, in general, require an activation energy. I t  can be shown that 
the activation energies of such adsorption processes may vary from very 
small values to magnitudes such that the adsorption phenomena may 
first be obtained at  quite high temperatures. Moreover, the magnitude 
of the activation energy is determined not only by the adsorption process 
in question but also by the nature of the surface area on which the proc- 
ess occurs. Thus, for example, the adsorption of hydrogen on the most 
active areas of catalytic metals involves such a small activation energy 
that the process is rapid at  temperatures as low as - 100°. With vari- 
ous oxide surfaces the adsorption process only manifests itself a t  tempera- 
tures several hundred degrees above room temperature. Numerous ex- 
amples of these factors involving a variety of surfaces and the gases hy- 
drogen, oxygen, nitrogen, carbon monoxide and water vapor as adsorbates 
have been collected. The detsiled discussion of the subject will be com- 
municated shortly. 

FRICK CHEMICAL LABORATORY HUGH S. TAYLOR 

PRINCETON UNIVERSITY, N. J. 
RE~EIVED DECEMBER 1 ,  1930 
PUBLISHED DECEMBER 18, 1930 

NEW BOOKS 
Tables annuelles de constantes et donnees numfiques de chimie, de physique, de 

biologie et  de technologic. (Annual Tables of Constants and Numerical Data 
Chemical, Physical, Biological and Technological.) Published under the auspices 
of the International Research Council and the International Union of Pure and 
Applied Chemistry by the International Committee appointed by the Seventh 
Congress of Applied Chemistry (London, June 2, 1909). Vol. VII, Parts 1 and 2, 
1925-1926. McGraw-Hill Book Company, Inc., 370 Seventh Ave., New York, 
1930. Part 1, xxxv + 946 pp. Part 2, xv + 950 pp. 22.5 X 28 cm. Price, 
$25.00 per set. 

All workers in the natural sciences will welcome the appearance of this 
double volume of the Annual Tables covering the years 1925-1926. Natu- 
rally the arrangement and mode of treatment followed in the earlier vol- 
umes are retained here. There are, however, certain minor changes and 
additions. English versions of some portions of the French text which might 
present some difficulties to the reader have been introduced. Two new chap- 
ters on Explosions and on Explosions in Gaseous Mixtures have been added 
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and two old chapters treating of Photography and Geophysics have been 
omitted, since the specialists in charge of these subjects prefer to have them 
published only once in every two volumes. Numerous detailed indices 
to the substances mentioned in the tables and to memoirs whose data are 
not susceptible of inclusion in the Tables have also been added. 

Dr. Marie, Secretary of the International Committee, announces that 
Volume VIII covering the years 1927 and 1928 is already in press and should 
be published by the beginning of 1931. With the next volume thereafter 
(Volume IX) covering 1929, the yearly publication of the Annual Tables 
will be resumed. Dr. Marie also calls attention to the forthcoming General 
Index covering Volumes I-V and this in the meantime has appeared. 

These tables impress one with the beneficient results which can flow from 
an international cooperative effort of this kind entrusted to intelligent and 
public-spirited men. 

ARTHUR B. LAMB 

Non-Interpolating Logarithms, Cologarithms and Antilogarithms. By FREDERICK W. 
JOHNSON, M.A., Instructor in Chemistry, California College of Pharmacy, Uni- 
versity of California. The Simplified Series Publishing Company. 1381 Third 
Avenue, San Francisco, California, 1930. 16 X 21.5 cm. Price, $1.60. 

Five years ago no one would have considered that tables of logarithms 
offered much scope for any significant impr~vement. Nevertheless, within 
that period the graphical tables of Lacroix and Ragot [THIS JOURNAL, 48, 
842 (1926)l have appeared and now we have these new tables of four- and 
five-place logarithms where, within substantially the compass of ordinary 
tables, logarithms (and antilogarithms) to four and five places, respectively, 
can be read off by inspection, without any calculation whatever. This is 
achieved very simply by the ingenious use of a new vertical arrangement 
and a mixture of bold-faced and ordinary type. 

There seems to be no doubt in the case of the five-place logarithms that 
the new tables save both time and mental effort as compared with the 
ordinary tables. Moreover, it is not difficult to learn how to use them. In 
the case of the four-place logarithms the advantages are less pronounced. 
The elimination of interpolation is of less moment here, because anyone 
who uses frequently an ordinary four-place table can make the interpola- 
tions very quickly and easily. Moreover, the somewhat greater complexity 
of the new tables is here a noticeable drawback. 

There is less to choose between these new tables and the above-mentioned 
graphical tables. So far as speed is concerned they are about on a par, a t  
least for a person equally familiar with both. However, the mental effort 
involved in the use of the graphical tables, where one must correlate the two 
abutting scales to obtain the last two figures seems greater than in the use 
of these new tables. 
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There are also included in this volume the usual introduction, several 
pages of conversion factors, trigonometric functions and formulas and a 
table of "International Atomic Weights." This table besides being out of 
date (1925) gives logarithms of atomic weights to five places, irrespective 
of the number of significant figures in the atomic weights themselves. 

Anyone who has to use five-place logarithm tables frequently would do 
well to give these tables a trial. 

ARTHUR B. LAMB 

Einfiihrung in die technische Behandlung gasftinniger Stoffe. (Introduction to the 
Technical Methods of Handling Gaseous Materials.) By W. BERTELSMANN, 
Dipl.-Ing. Dr. phil., and I?. SCHUSTER, Dr.-Ing. Verlag van Julius Springer, Link- 
strasse 23-24, Berlin W 9, Germany, 1930. x + 411 pp. 288 figs. 15.5 X 24 cm. 
Price, unbound, RM. 38; bound, RM. 40. 

The authors state that their book was written for the purpose of ac- 
quainting technologists in various fields with the methods technically 
employed in the generation, handling and purification of gases. 

In the introduction (40 pages) an attempt is made to explain and sum- 
marize the physical-chemical laws which govern the behavior of gases 
and the reactions which occur in gaseous systems. Some of the ma- 
terial in this introduction is so elementary that the authors would have 
been justified in assuming that it would be familiar to the reader The 
discussion of the more important topics is so condensed that it would be 
of but little value to a reader who was not already familiar with these 
topics. The lack of clearness and completeness in the introductory chap- 
ter is not, perhaps, a very serious defect, since in the subsequent chapters 
of the book little reference is made to the underlying theory developed here. 

Chapter I, on Warming, Cooling, Compression and Liquefaction of 
Gases, contains a rather elementary and descriptive discussion of these 
subjects. The general equation for the rate of flow of heat by conduc- 
tion is given, but the reader will find little information as to  the actual 
rates of heat transfer to be expected in any specific case. 

The second chapter, on the methods for obtaining gases, includes a 
rather detailed description of the procedure followed in drilling for natural 
gas. To the reviewer, this topic does not appear to have sufficient general 
interest to justify the emphasis placed upon it here. The discussion of 
the fractional distillation of liquefied gases is so elementary and incom- 
plete that it would be of little assistance to the reader who desired to gain 
even a general knowledge of this subject. 

The third, fourth, fifth, sixth and seventh chapters deal with the prepara- 
tion, purification, measurement, storage and distribution of gases, respec- 
tively. The treatment is largely descriptive. 

The eighth chapter, on methods of testing and analyzing gases, is very 
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incomplete. Many of the methods and types of apparatus described 
therein are obsolete. Many of the newer methods actually used in the 
industries are not described. 

In  their attempt to cover a wide field in a single volume, the authors 
have omitted much which would be of great importance to any technolo- 
gist who is called upon to prepare or handle industrial gases. In the 
opinion of the reviewer, the material which has been included has not 
been well selected nor ably presented. The reviewer does not regard 
this book as a particularly valuable contribution to the technology of gases. 

F. H. RHODES 

Lehrbuch der organischen Chemie. (Textbook of Organic Chemistry.) By Professor 
Dr. JULIUS SCHMIDT, Stuttgart. Fourth revised edition. Ferdinand Enke Verlag, 
Stuttgart, Germany, 1929. xxxvi + 896 pp. 17 figs. 16 X 25 cm. Price, 
unbound, RM. 4.5.50; bound, RM. 49. 

In reviewing so compendious and so excellent a volume as this, one may 
dismiss the whole matter with a mere word or two of unstinted praise, or 
proceed to comment on the features good or otherwise. If the latter seem 
numerous it is only because space forbids the mention of all the good points 
and the relation between the acceptable and the unacceptable statements 
in the book is thus not accurately indicated. 

The third edition of this splendid text, running to about 800 pages, was 
called a "Short Textbook." In closer accord with the facts, the present 
edition, the fourth, 850 pages, has had the adjective dropped from the 
title, a most pleasing change. The additional pages have permitted the 
inclusion of much new material as well as an amplification of the biochem- 
ical accomplishments of recent years, and have greatly increased the value 
of the book. The literature references, numerous and well-selected, are 
also surprisingly up-to-date, publications appearing as recently as 1929 
being mentioned. This volume has very good author and subject indices, 
and the mechanical features of the book's production have been handled 
in the usual excellent manner of the Enke press. 

As in the earlier editions there still appears, in the first part of this book, 
too much, and some quite superfluous, freshman chemistry; e. g., (p. 14) 
the method of calculating the empirical formula from the analytical results 
is given in detail. The distinction between an empirical and a molecular 
formula (p. 16) is not so clearly made as is desirable. It is a poor compli- 
ment to the prospective readers of this book that the author felt called 
upon (p. 29) to take a short section for an explanation of just what consti- 
tutes an hydroxyl group. 

In  discussing the cause of optical activity (p. 44), too much stress is laid 
on the presence of an asymmetric carbon and too little attention is devoted 
t o  the really essential feature, namely, that the molecule shall be asym- 
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metric. A quite needless statement concerning the existence of compounds 
with water of crystallizatiori (p. 66) is given, and Fig. 17 (p. GS), showing 
a flask with contents, presumably ready for distillation, indicates the 
thermometer improperly located. The diagram serves no real purpose in 
a book of this character. The statement (p. 82) to the effect that mono- 
valent hydrocarbon radicals, aliphatic as well as aromatic, are generally 
called alkyls is not in line with general American practice a t  least. It is 
pleasing to note that the text mentions the members of the paraffin series 
higher than CsoHm, since such compounds, though known for some years, 
are rarely referred to even in supposedly modern texts. It is certainly re- 
grettable that the astonishingly incorrect statement, a t  least so by inference 
(p. 91), that Pennsylvania is still the center of the American petroleum 
industry, should have been permitted to remain in this new edition. The 
bad impression left with the reader by the foregoing is, however, promptly 
eliminated by the pleasure in finding the structure of phytol correctly pre- 
sented. All too few writers have as yet become really aware of the beauti- 
fully conclusive work of F. G. Fisher with this interesting and important 
substance. 

One is rather surprised that, under the topic of fat syntheses (p. 189), 
he finds no mention of materials with an odd number of carbon atoms in the 
acid chain; this is especially so in connection with this book because the 
medical aspects of most of the subjects are splendidly presented. The 
formula for pelargonic acid (p. 194) has a subscript written as an exponent. 
This slip in proofreading makes the text combine French and German 
practice. This unintentional stressing of the international aspect of chem- 
istry may, however, be pardoned when one appreciates that this volume is 
very well supplied with formulas among which are discoverable surprisingly 
few typographical errors. In the discussion of dynamite (p. 250) reference 
is still made to the use of infusorial earth with no mention of the fact that 
wood powder, a t  least in this country, has long since replaced it. 

The introductory statements under carbohydrates (p. 297) indicate 
that they "unquestionably" occupy first place in the study of foodstuffs. 
Without meaning to quibble too much, it might be pointed out that, in the 
absence of proteins, the carbohydrates, important as they are, are still 
insufficient for the continuance of life. The state of flux that still lingers 
in the minds of many concerning the nature of the cyclic forms of the 
hexoses is fairly presented by Schmidt. 

In certain equations (p. 347) elementary diatomic gases are indicated 
without subscripts. As long as coefficients are required, and given, in the 
equations as presented, there seems to be no good reason why these gases 
should not be written to conform with common practice. Disodium ma- 
Ionic ester is to be found (p. 369), under the synthesis of a group of ring 
compounds, with two sodium atoms on the same carbon. Doubtless this 
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formula is so given merely for convenience, but at  least a word to indicate 
that the formula does not represent the accepted views would not come 
amiss. In  this same section compounds are sometimes named, and referred 
to, in one place on the polymethylene basis and elsewhere the cycloparaffin 
nomenclature is used. It is to be hoped that in subsequent editions the 
author will adopt whole-heartedly the latter and more generally accepted 
naming scheme. 

A rather surprising failure to indicate a modern advance in the field of 
industrial organic chemistry is shown (p. 436) by the appearance of the 
hoary statement to the effect that halogen on the aromatic nucleus cannot 
be replaced by hydroxyl by the action of alkali. The Dow phenol process 
is a daily, and important, refutation of this contention. Perhaps only 
purists would interpret "artificial camphor" to mean a substance resembling 
camphor in some of its properties, but not the same structurally, whereas 
"synthetic camphor" would be taken to mean camfihor prepared by labora- 
tory methods. If, however, this view is adopted generally by chemists, 
and many hold it, Schmidt's objection to the term "artificial camphor" 
is not so potent, or so well taken, as it might be. 

The writer is happy to report that here is a text, the first seen by him at  
any rate, which presents the latest developments of the Beckmann re- 
arrangement, including the trans shift. Meisenheimer's work with the 
oximes of benzil is also included. 

The presentation of the subject of alkaloids is more than adequate, and 
quite unusual in a book of this type; approximately 75 pages are devoted 
to this important subject. Though the treatment of proteins is very well 
done, one is rather surprised to note no mention of Svedberg's ultracen- 
trifugal method for determining the molecular weights of these substances. 
The section devoted to the structure of proteins has been very carefully 
prepared, and each of the important theories has received considerate 
attention. 

This is an admirable text as far as book-work, content and manner of 
presentation are concerned-and there is not much more that can be said 
for a text. 

G. ALBERT HILL 



Dcc., 1930 

ADDITIONS AND CORRECTIONS 
NOTXCE TO READERS.--For the convenience of those who may wish to cut out the 

corrections and attach them to the margins of the articles corrected, they have been 
printed only upon one side of the page, and with ample space between each item. 

The Tautomerism of Brilliant Cresyl Blue, by Walter C. Holmes. 

Pages 1959-1993. The author has supplied an explanatory correction: "The 
violet coloring matter whicll was isolated from an acid aqueous solution of cresyl blue 
by means of chloroform is not, as was mistakenly assumed, the violet tautomer of the 
dye which is present in aqueous solutions in increasing proportions as the dye concentra- 
tion is increased. This is proved conclusively by the fact that it may not be thus iso- 
lated from other samples of the dye of different manufacture. I t  has been shown to be a 
subsidiary coloring matter which may, or may not, be present in varying small propor- 
tions in cresyl blue. 

"It appears probable, as was suggested to the writer by Barnett Cohen, that the 
violet dye which is extracted with chloroform is an oxazone compound formed through 
the displacement of the free amino group in cresyl blue by oxygen. It has long been 
recognized that this type of hydrolysis occurs with naphthophenazoxine derivatives 
I t  has been claimed that it does not occur with diphenazoxine derivatives, of which 
cresyl blue is an example, but evidence has been obtained that this conclusion is mis- 
taken."-TV. C. HOLMES. 

Kinetic Studies on Ethylene Oxides, by J. N. Bronsted, Mary Kilpatrick and 
Martin Kilpatrick. 

Pages 42-61. The following statement has been transmitted by Dr. Lennart 
Smith: "In an article by J. N. Bronsted, entitled 'Kinetic Studies on Ethylene Oxides,' 
published in THIS JOURNAL, 51, 428 (1929), there is the statement on page 431: 'After 
the present investigation was begun, Smith, Wode and Widhe published measurements 
on the rates of addition of water to ethylene oxide and to epichlorohydrin a t  25' in 
solutions . . .' 

"This statement is incomplete and for that reason misleading. These results were 
presented in preliminary form in lectures before the Chemical Society a t  Lund in the 
autumns of 1923 and 1924, and were reviewed in Sv. kern. tiaskrift, 36,4 (1924), and 37, 
30 (1925). In May, 1925, I delivered a summarizing lecture a t  Copenhagen, where all 
of the numerical material concerning the ethylene oxides was included. Professor 
Bronsted attended this last-mentioned lecture and was the first to speak in the dis- 
cussion of it."--LENNART SMITH. 

The Heat of Adsorption of Oxygen on Charcoal, by Melville J. Marshall and Harold 
E. Bramston-Cook. 

Page 2024. "The disagreement between some of the data in Table I11 and the 
curve in Fig. 3 is not caused by an error in the data, but is due to the fact that, after 
the curve had been drawn, slightly more accurate values of -dc/dQ were substituted 
in that region of the table above Q = 69,800 calories. The extent of the error produced 
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in the curve by the large difference at  Q = 70,000 calories is illusory, as, according to the 
curve, the values of Q corresponding to the two discrepant values of -dc/dQ differ 
by less than due to the almost infinite slope of the curve a t  this  MELVILL MELVILLE 
J. MARSHALL. 

Salts of Triphenylselenonium Hydroxide, by Henry M. Leicester and E'. W. Berg- 
strom. 

Page 3590. In line 4 from the top, for "Eighty grams" read "Thirty grams."-- 
HENRY M. LEICESTER. 

Studies on Polymerization and Ring Formation. IV. Ethylene Succinates, by 
Wallace H. Carothers and G. L. Dorough. 

Page 718. Formula (IX) should read 
~O-(CH~)~-O-OC-(CH~)Z-CO-O-(CH~)Z-~--OC-(CH~)~-C~~ - 

WALLACE H. CAROTHERS. 

Allene and Methylacetylene Tetrabromides by Charles D. Hurd, R. N. Meinert 
and L. U. Spence. 

Page 1144. The designations R and S in Fig. 3 should be reversed. 

The Synthesis of Some Iodated Diphenyl-Sulfide Phenols, by Shailer L. Bass and 
Treat B. Johnson. 

Page 1150, line 13 from the end, for "C12Hs0512" read "C12H80~,SI2." 
Page 1151, line 25 should read, "Anal. Calcd. for C~~HSOSI~ :  I, 55.92; S, 7.06. 

Found: I, 55.8; S, 6.8." 
Page 1151, line 29 should read, "Anal. Calcd. for C ~ ~ H ~ O O S I ~ :  I ,  54.2; S, 6.85. 

Found: I, 54.6; S, 6.90."-TREAT B. JOHNSON. . 
The Action of Diazomethane on Some Aromatic Acyl Chlorides. V. The Mecha- 

nism of the Reaction, by T. Malkin and M. Nierenstein. 

Page 1506, last text line, for "1772" read "1335."-M. NIERENSTEIN. 

Relations between Rotatory Power and Structure in the Sugar Group. XXVI. 
The Ring Structure of Various Compound Sugars, by C. S. Hudson. 

Pages 1717-1718. The structural formulas for sucrose, raffinose and gentianose 
should be corrected by the removal of the symbol H attached to the second carbon atom 
of their fructose ~ O ~ ~ ~ O ~ S . - C L A U D E  S. HUDSON. 

The Micro Determination of Halogens and Metals in Organic Compounds, by 
H. H. Willard and J. J. Thompson. 

Page 1894, line 32, for "decomposition" read "absorption."-H. H. WILLARD. 
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Studies on the Polymethylbenzenes. III. The Vapor Pressures of the Tetra- 
methylbenzenes and of Penta- and Hexamethylbenzene, by F. H. MacDougall with 
Lee Irvin Smith. . 

Page 2000. In  the last line of the caption of Fig. 2, for "added" read "subtracted." 

Precision Actinometry with Uianyl Oxalate, by Wesley Glick Leighton and George 
Shannon Forbes. 

Page 3141, line 29, for = read $. 

Page 3144, line 18, for "this case" read "the last case " 
Page 3144, line 35, for (I)% read (Io)~. 
Page 3148, Fig. 1, interchange the letters B and C on the curves so marked. 
Page 3150, line 19. for "Table 111" read "Table IV." 
Page 3151, Fig. 2. The arrows designated 10 should penetrate the right-hand wall. 
Page 3152, line 14, read ". . . in spite of the fact that sodium sulfate and sodium 

hydroxide enhance total absorption. Sulfuric acid strongly reduces absorption." 
Page 3152, line 14, for "1.03 4 0.036" read "1.03 .t 0.025."-GEO. SHANNON 

FORBES. 

Studies on Reactions Relating to Carbohydrates and Polysaccharides. XXIX. 
The Constitution of Alkali Cellulose, by Edmund G. V. Percival, A. C. Cuthbertson 
and Harold Hibbert. 

Page 3260, line 3, for "1.75" read  HAROLD HAROLD HIBBERT. 

The Arsonation of Aromatic Aldehydes, by Albert B. Scott and Cliff S. Hamilton. 

Page 4122, Footnote 3, the patent number should be 220,668 instead of 220,688. 
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activity of two water gas conversion catalysts, of CuO, of MnOz and of a 
mixt. of these oxides, 437; preferential catalytic oxidation of CO in the 
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. . . . . . . . . . . . . .  . Microscppy. Handbook of Chem (Chamot. Mason. book review) 2155 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Milk. I m  541 
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4620; antirachitic properties of shrimp. ................................ 4940 
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Jahrbuch der (Schmidt, book review), 2590; A Brief Introduction to the 
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Methoden der (Houben, book review), 2591; Lehrbuch der (Karrer, book 
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the mol. wts. and m. ps. of, 1049; detn. of Sin, 1075,1086,3275; detn. of halo- 
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several aq. solns. of, 3507; study of vapor-phase oxidation of, by use of 
rare earth oxides as catalysts, 3535; An Index to the Chem., Action of 
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action of aromatic alcs. on aromatic compds. in the presence of AlC13, 4484; 
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5165; detn. of org.unsatn ............................................ 5241 
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book review). ....................................................... 1731 
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Oxidation. potential of the Pb02 electrode in HC104 soln., I ;  of org. acids by Ce- 
(SO&, 132; mechanism of carbohydrate, 294, 3680, 4065; of m-xylorcinol, 
358; irreversible, of org. compds.- of aldehydes, 407; preferential catalytic, 
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with the catalytic decompn. of Hz02-, of hydrazine, 3035; of unsatd. compds., 
3167; of 3-chlorocrotonic acid, 3176; of crotonic acid with HClO and per- 
benzoic acid, 3185; of conjugated systemsof pentenoic and hexenoic 
acids, 3188; anaerobic, of fatty acids, 3308; of lactal, 3472; study of vapor 
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by iodic acid, 3647; gaseous, 3785; properties of diphenylamine and di- 
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4345; -Reduction Potentials (Michaelis, book review), 4615; potentials of 
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Oxidizing agent, Ce(S04)2 as a volumetric, 36, 132, 553, 557; catalytic "coupling" 
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Ozone, quantum efficiency of, formation in the fluorite region, 550; mechanism 

of the photochem. decompn. of, 2377; oxidation of "diisobutylene" by, 2547 
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. . . . . . .  wt. prepd. by the action of Na on drcamethylene bromide.. . . . . . .  : 5279 
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2,4,6,2',4'-Pentanitro-3-carboxydiphenyl, prepn. and resolution of. . . . . . . . . . . . .  2070 
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Peptides, dissocn. consts. and heats of ionization of some simple. . . . . . . . . . . . . . . .  863 
~erbenzoic acid, oxidation of crotonic acid with. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3185 
Perchlorate ion, entropy and free energy of. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  549 
Perchloric acid, oxidation potential of the PbOe electrode in, soln, I;  soly. of Pb 

sulfate, chromate and molybdate in. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2402 
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Perfumes (Delange, book review). .. 4620 
Periodic system.. . . . . . . . .  3076 
Permanganates, manganous-MnOz and the manganous, electrodes. .. 2595 
Persulfate ion, iodimetric estn of, 608; oxidation of iodide ion by, 608; Ag ion 

catalysis of oxidations of, 1493; kinetics of the reaction between thiosulfate 
ion and. in dil. aq. soln.. . . . . . . .  4779 

Petroleum, bases in the kerosene distillate of Calif. ' 1239 
Pharmaceutical Chemistry (Oddo, book review). 3743 
Phenacyl esters, of some higher fatty acids. . 818 
Phenanthrene, purification of. . . .  4363 
Phenanthrene series, syntheses in . . 3704 
Phenanthrolines, p rep .  of the, and related dipyridyls 397 
Phenazine, formation of a, compd. from a diphenyl ether deriv. 3199 

. . . . .  o-Phenetylurea 4167 
Phenol ethers, iodination of. . .  1570 
Phenol group, synthesis of thiazoles contg.. . 1585 
Phenolphthalein, action of Br on--further evidence of the tautomeric character of. 646 
Phenols, synthesis of some iodated diphenyl-sulfide, 1146, rate of coupling of 

diazonium salts with, in buffer solns , 1220: elec. moments of certain sub- 
stituted, and their relation to the stereochemistry of the 0 atom, 1356; 
phenolic decompn. of certain mixed ethers, 1944; indirect method of study- 
ing the oxidation-reduction potentials of unstable systems, including those 
from.. . . . . . . . . . . .  . . . . . . . . .  . . .  . . . . 5204 

a-Phenylacetoacetic acid, keto-en01 equil of E t  ester of . . 4358 
Phenylated compounds, reaction between highly, and org Mg compds. 4128 
Phenylation, of oleic acid. . . . .  . . . . . . .  1172 
Phenylbiphenylenemethyl, action of Mg + MgBrz on. . 3287 
Phenylbiphenylenemethylmagnesium bromide. ... 3287 
Phenylbutadiene, addn. of HC10 and HBrO to 1574 
a-Phenylbutyronitrile, Na deriv. . . . . . . . . . .  . 2524 
Phenyl compounds, stereoisomerism of di-, 1200, 2054, 2070, 5263; possible iso- 

. . . . . . . .  merism of certain analogs of resolvable di- . . . . . .  2959 
Phenylenediamines, Skraup's reaction applied to the. . . . . . . . . . . . . . . . . . . . .  397 
Phenyl ether, derivs. of, 1205, 3353; formation of a phenazine compd. from a, 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  deriv 3199 
Phenylethylbarbituric acids, substituted. . . . . . . . . . . . . . . . . . . .  224 
Phenylhydrouracil, detn. of the constitution of alkylation products of . .  4993 
Phenylmagnesium halides. See Magneskum comfiounds. 
9-Phenylphenacyl bromide, as reagent for identifying org. acids. . . 3715 
1-Phenyl-4-piperidones, catalytic reduction of . . .  . 1030 

. . . . . . . . . . . . . . . . . . . .  Phenylpiperidylcarbinols . 4006 
Phenylpropanolamine, homologs and analogs of. . . . . . 3317 
Phenylpyridine compounds, stereochemistry of. . . . . . . .  . . 4528 

. . . .  N-Phenylpyrrolidine, synthesis of. . . . . . . . . . . . . . . . . . . . . . .  804 
Phenyl sulfide, synthesis of some iodated hydroxy derivatives of, 1146, (correction), 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5307; derivs ofdi- 3353 
3-Phenyl-2,4-thiazolidione, condensation with aromatic aldehydes 2981 
Phenyluracil, detn. of the constitution of alkylation products of 4993 
Phenylurethans, 2115; anesthetics. . . . . . . . . . . .  2583 

. . . . .  Phlegmatic liquids, vacuum fractionation of. . .  4714 
Phosgene, photochem. formation of, 500; test for, 1604; synthesis of, by light 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  and a-radiation, 1853; kinematics of. 3132 
Phosphates, potentiometric titration of, witb AgNOs, 583; quant. pptn. of 

CaC204 in the presence of, 1469; quant. study of the influence of, on the 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  activity of malt amylase.. 1669 

Phosphatides, mannose in the, from human tubercle bacilli, 1252 inosite in the, 
from human tubercle bacilli, 1607; polysaccharide occurring in the, from the 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  human tubercle bacilli. 5023 
Phosphine, action on HCHO.. ................ . . . . . . . . . . . . . . . .  2995 
Phosphoric acid, catalytic "coupling" of MnOa ;ith HzS04 or, as an oxidizing 

. . . . . .  agent, 640; mixts. as inorg lubricant. . . . . . . . . . . . .  2813 
. . . . . . . . . . . . . . . . . . . . . . . .  Phosphorus compounds, derivs. of dipbenyl.. 2933 

Photochemistry. (See also Light; @-Rays; &ys, Rsntgen.) Photochern. forma- 
tion of phosgene, 500; electronic and photochem. decompns. of KClOs, 
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527; quantum efficiency of 0s  formation in the fluorite region, 559; photo- 
chem. H-0 reaction, 1868; photochem. 0-CO reaction, 3471; photochem. 
formation of Clot from C190 in CClr soln.. 4288: ohotochem. ~olvmerization , * * - ...................... of CzHz, 4613; photochem: oxidation of lactic acid. 5272 

Photosensitization, by NH3.. ............................................. 2150 
Photosynthesis, effect of ICl on the, of HCI, 2793; sensitized, of COz a t  low C1 

pressures ............................................................ 3562 
. . . . . . . . . . . . . . . . . . . . . . .  Phthalic acid, fluorane from the dry distn. of Cu salt of. 3003 

Phthalic acid series ..................................................... 4082 
. . . . . . . . . . . . . . . . . . . . . . . . .  Phthalic anhydride, reaction with ethylene glycol. 3636 

............................ Phthalide, condensation with aromatic compds 4884 
Physical chemistry, Physikalisch-chem. Praktikum (Fajans, Wiist, book re- 

view), 1292; Cours de (Gay, book review), 1729; Exptl. (Daniels, Mathews, 
Williams, book review), 2585; Physikalisch-chem. obungen (Roth, book 
review), 4175; A Comprehensive Treatise on Inorg. and Theoretical Chem- 

........................................... istry (Mellor, book review). 4176 
Physics, Tables annuelles de constantes et donnCes numeriques de (book review). 5299 
a-Pinene, effect of heat upon d-a-, 786; rate of rearrangement of. to  dipentene. . 1935 
Piperidine, derivs.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .1633,%07, 4006 
Piperidinoalkyl benzoates, substituted. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1633 
1-{a-1-Piperidylbenzy1)-2-naphthol, resolution of. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5056 
Pipet,gascombustion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2811 
Pituitary gland, rate of thermal decompn of the oxytocic principle of the posterior 

lobe of the . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  824. 1098 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Plants, at. wt. of K from ash of. 4332 

Platinum, colloidal, and its behavior as a typical acidoid sol. ................. 4621 
Platinum compounds, relative stabilities of the halogenoplatinates. ............ 4316 
Platinum oxide, prepn. of normal valerolactone by the catalytic reduction of 

levulinic acid with H in the presence of. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3010 
Polarimetry. Trait6 de (Bruhat, book review). .............................. 3029 
Polarity, of the C-halogen bond, 93; and the orienting influences of substitutes in 

thebenzenering ..................................................... 206 
Polarization, dielectric, of liquids-AcOH and butyric acid, 1824; of liquids, 

2227; of liquids-of normal paraffins. .................................. 3546 
Pollen, chem. studies on, and, exts.-distribution of N extd. by various solvents. . 3591 
Polymerization, of cyanamide in alk. solns., 195; ring formation and, 314, 711, 

3292, 4110, 5279, 5289, (corrections) 5307; non-catalytic hydrogenation 
and, of C2H4, 1158; reactions under high pressure, 1659; assocn., and the 
properties of adipic anhydride, 3470; of asymmetrical diphenylethylene, 
4021; photochem., ofCzHZ, 4613; kinetics of the, of vinyl acetate. ......... 4708 

Polymethylbenzenes, 1998,4144, (corrections). .............................. 5309 
Polypeptide-hydantoin, synthesis of the, N-3-methyl-5-tyrosylhydantoin-l- 

phenylaceticacid ................................................ 2494, 2505 
Polysaccharides, reactions relating to, 3257,3448, (corrections) 5309; reactions re- 

lating to-hydrolysis of some, 3995; occurring in the phosphatide from 
human tubercle bacilli.. .............................................. 5023 

Potassium, sensitivity and applicability of the picric acid test for, 953; use of 
dispersoids in the detection of traces of, by Zr sulfate, 2666; at. wt. of, from 
plantash ............................................................ 4332 

Potassium bicarbonate, double salt formation among the carbonates and bi- 
carbonatesof N a a n d K  .............................................. 3813 

Potassium carbonate, double salt formation among the carbonates and bicar- 
bonatesofNaandK ................................................. 3813 

................. Potassium chlorate, electronic and photochem. decompns. of. 527 
Potassium chloride, application of moving boundaries to  a study of aq. mixts. 

of HCI and, 1897; activity coeff. a t  infinite diln. in water-MeOH mixts., 
2353;0 heats of diln. of, in sucrose and urea solns. as solvents below 0.1 M 
a t 2 5  ............................................................. 4218 

Potassium hydroxide, action on maltose, 294; action on 1-arabinose and d- 
xylose, 3680; action on Ca hexosediphosphate-comparison with that of 
glucose and fructose. ................................................. 4065 

Potassium iodide, reaction rates of, with 1 , 2  and 2,3-dibromobutane. . . . . . . . . . . .  1953 
Potassium methide, thermal decompn. of.. ................................ 1254 
Po@.ssium oxalate, x-ray photochem. reaction between HgC1s and. ............. 2612 
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Potassium perchlorate, heat capacity and entropy of, from 12 to 298' abs.- 
heat of soln. of .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . .  649 

Potassium permanganate, titration of N8AsOs with. . . . . . .  . . . . . . . . . . . .  901 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Potassium sesquicarbonate, b ydrated 3817 

Potato, sepn. and properties of the 2 main componeats of, starch. .............. 2907 
Potential, electric, oxidation, of the PbOa electrode in HClOc soh., 1; of Pb-Pb 

ion, 589; electromotive befiavior of single Zn crystals--~quil,, 1000; measure- 
ments of the e. m f .  of the calomel electrod eagainst the H electrode a t  low 
concns. of HCI, 21 79, adsorption, 2256; e. m. f .  measurements with CaClz 
solns., 2265; e. m. f. measurements on cells contg. ZnClz, 2272; electrode 
potential of In  against InC13 solns., 2372; oxidation-reduction, 2624; oxida- 
tion-reduction, a t  C and MT electrodes, 2773; relation between ionizing, and 
ionic, 3076; irifluence of the stll-en on the, of Ag- Ag halide cells, 3477; 
ionization const. of water a t  25 from the, of cells without liquid junction, 
3877; Oxidation--Reduction Potentials (Michaelis, book review), 4615; 
of some unstable oxidation-reduction systems, 4915; indirect method of study- 
ing the oxidation-reduction, of unstable systems ....................... 5204 

Poulsen arc, use of the, as a mrans of detecting traces of impurities in metals,. ..... 4169 
Pressure, sp. heats of gases a t  high, 108, 51 11 ; consts. of the Beattie-Bridgeman 

equation of state with Bartlett's P-V-I' data on N, 1382; polymerization re- 
actions under high, 1659; nature of the sorption by charcoal of gases and 
vapors under great, 2198; low, measurements with the abs. manometer, 3159; 
exptl. study of an incongruent mrlting at, up to 12,000 atms., 4252; manome- 
ter for the measurement of small pressure differentials a t  high.. .......... 5102 

Promoter action, in reactions of oxidation concomitant with the catalytic de- 
compn. of HzOz.. . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . .  3035 

Propane, kinetics of the thermal dissocn. of. . . . . .  . . . . . . . . . . . . . . . .  1262 
Propin, phys. consts. of . .  . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  1978 
Propionic anhydride, catalysis in the hydration of. . . . . . . . . . . . . . . . . . . . . . . . .  1410 
Propylene, pyrolysis of. . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4978 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Protoactinium, origin of. 163 
Prussian blue, prepn. of negative colloidal FezOa by hydrolysis of. . . . . . . . . . . . . . .  1337 
Pseudocumene, prepn. and phys. properties of pure.. ........................ 4144 
Pyrethrins, relation between maturity and content of, of pyrethrum flowers, 680; 

content of, of different corn. varieties of pyrethrum flowers. 684; relative 
................................................ toxicities of, I and 11. 3300 

Pyrethrum, flowers-relation between maturity and pyrethrin content, 680; 
flowers-pyrethrin content of different com. varieties, 684; flowers. ....... 3300 

Pyridine, isolation of an As compd. of, and some observations concerning the 
phase system AsC13-, 1720; prepn. of 2-alkyl and 2-aryl pyridines by the 
Grignard reaction, 28.1.5; dissocn. pressures of certain metal, thiocyanates. . 4069 

Pyrimidines, 1152, 1580, 4489, 4511, 4993; action of diazomethane on the, con- 
... stituents of nucleic acids, 1536; alkylation on N of the pyrimidine cycle. 2001 

Pyrolysis, of ally1 aryl sulfides, 3356; of allene and methylacetylene, 4540; 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  of allylanilines, 4586; of propylene. 4978 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  y-Pyrones, absorption spectra of. 4895 
Pyrophoric iron, prepn. and properties, 142; properties of,-adsorption of CO2 

. . . . . . . . . . . . . . . . . . .  and NHo and the use of, in the NH3 synthesis. 150 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Pyroxonium salts, absorption spectra of. 4895 

. . . . . . . .  Pyrrole, influence on the color test for reactive organometallic compds.. 4949 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Pyrrole series, local anesthetics in the. 235 

Pyrrolidine, formation of, derivs from diethyl a,a-dlbromoadipate and certain 
secondary amines. . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . .  2985 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Pyrrylmagnesium halides, constitution of. 4949 

QUANTUM (Ruark, Urey, book review), 2588; yield in the photochem. de- 
compn. of HND, 124; efficiency of Od formation in the fluorite region. 559; 

. . . . . .  effects of substitutents on, efficiency in the quinonealc. reaction. 3556 
. . . . . . . .  Quantum theory, L'Ancienne et la Nouvelle (Bloch, book review). 3742 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Quercetin, reduction of.. 2864 
........................................................... Quinazolines.. 3696 

Quinhydrone, detg. ioni~ation consts. with a, reference electrode, 23; constitution .................. of, 3204; app1i~abili.t~ of the, electrode to unsatd. acids. 3233 
Quinol, reactions of, arid a contribution to the constitution of quinhydrone.. .... 320$ 
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Quinoline, formation of, derivs. from certain indigoids, 769; syntheses, 2422; 
prepn. of 2-alkyl and 2-aryl quinolines by the Grignard reaction, 2845; 
modification of the Skraup synthesis of, 3685; local anesthetics derived from. . 4013 

Quinone, chemistry of the acyl derivs. of, 837; effects of substituents on quantum 
efficiency in the, ale. reaction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3556 

Q~inonedithio~lycolic acids, two isomeric. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2451 

RADIATION, resonance, of Hg, 2418; quenching of Hg resonance. . . . . . . . . . . .  3825 
Radicals, electron affinity of free, 1498; surface reactions of atoms and.. . . . . . .  1910 
Ramaneffect,fordioxane . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4612 
Rare earth oxides, study of vapor phase oxidation of org. compounds by use of, 

ascatalysts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3535 
Rareearths . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2782, 4264 
Rare earth salts, absorption spectrum, mol. vol. and refraction of certain. . . . . . . .  4308 
Rays,mol ., expts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3864 
a-Rays, temp: coeff. of the synthesis of HCI by, 593; The Chem. Effects of (Lind, 

book revlew), 1294; synthesis of phosgene by, 1853; chain reactions pro- 
.. ................... duced by, 2743; condensation of hydrocarbons by. .-. 4450 

Rays, Rontgen, chem, effects of, and the energy relations involved, 465; Ront- 
genographie der Metalle und ihrer Legierungen (Neuburger, book review), 
1730; photochem. reaction between KzGO, and HgCh, 2612; x-ray study 
of the constitution of some Cu-Ni-Al-Mn alloys, 3833; investigations on rub- 
ber.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4612 

Reactions, temp. coeff. of, in soln., 95; surface, of atoms and radicals, 1910; chain, 
produced by light and by a-radiation, 2743; in liquid H2S, 3045; rapid, 3098; 
chain, 3132; role of the liquid stationary film in batch absorptions of gases 
involving irreversible chem., 3769; bimol.. .............................. 3973 

Reaction velocity, in a changing environment, 52; of hexaphenylethane with 0. 
255; of certain alcs. with p-nitrobenzoyl chloride in anhyd. ether soln., 268; 
meawrement of the relative lability of bonds by means of, 753; of the thermal 
reaction CHzI-CH2I =CH2=CH2 + I2 in CCld solns., 956; of KI with 1,2- 
and 2,s-dibromobutane, 1953; in the neutralization of NazCrzOT by NaOH, 
3098; chain reaction theory of the rate of explosion in detonating gas mixts., 
3120; kinetics of the reaction between persulfate and thiosulfate ions in dil. 
aq. soln., 4779; of the CzHrO reaction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4837 

Reactivity, of atoms and groups in org. compds.. . . . . . . . . . . . . . . . . .  .753, 5066 
Rearrangement, of an organo-alkali compd . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1042 
Reduction, relative rates of, of aromatic nitro compds., 88; catalytic, of 0-alkyl 

substituted oximes, 669; of mononitropyrocatechols, 834; catalytic, of 1- 
phenyl- and 1-benzyl-4-piperidones, 1030; of benzophenone to benzopinacol 
by means of Mg amalgam, 1128; in the chlorophyll series, 1233; autocatalytic, 
of bromate by H20 in acid soln., 1427; effect of org bases upon the extent and 
mechanism of the reducing action of Na methylate on nitrobenzene and 
azoxybenzene, 1531; of metal oxides by H, 2314; of nicotine and some derivs. 
of hexa- and octahydronicotines. 2543; oxidation-, potentials, 2624, (mch- 
aelis, book review), 4615; oxidation-, potentials a t  C and W electrodes, 
2773; of quercetin, 2864; prepn. of normal valerolactone by the catalytic, 
of levulinic acid with H in the presence of Pt  oxide, 3010; catalytic, of nico- 
tine and metanicotine, 3385; study of the products obtained by the reduc- 
ing action of metals upon salts in liquid NHs soln., 3573; reactions with CaH*, 
3655; properties of diphenylamine and diphenylbenzidine as oxidation-, 
indicators, 4179; of #-dimethylaminobenzil, 4495; of cystine in liquid N& by 
metallic Na, 4500; of isoxazoline oxides, 4520; reducing action of the mercapto 
grouping, 4573; of 1-cystine to 1-cysteine, 4610; potentials of some unstable 
oxidation-. systems, 4915; reducing action of compds. contg. the group 
>CHOMgl, 4973; indirect method of studying the oxidation-, potentials of 
unstrtblesystems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5204 

Refraction, of Nd perchlorate, 3112; of the normal paraffins, 3546; of certain rare 
earth salts.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4308 

~efractive indices, of glycerides of known constitution, 365; of HaOl and its aa. . . 
S O ~ S  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  : 489 

~efractories, Na202-C fusion for the decompn. of. . . . . . . . . . . . . . . . . . . . . . . . . . . .  574 
Resonance, radiation of Hg, 2418; quenching of Hg, radiation.. . . . . . . . . . . . . . . .  3825 
Resorcinol, behavior of ally1 derivs. of, toward heat. . . . . . . . . . . . . . . . . . . . . . . . . .  1700 
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Resorcinols. halogen derivs . of acyl and alkyl . . .  . . . . .  . . . . .  4866 
. . . . . . . . . .  0-Resorcylic acid. mercttration of . . . . 4369 

Retene. some new monosubstitution derivs. of . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5009 
Rharnnonic acid. 2 cryst . lactones of E-. 1270; 1. 4. and 1. 5. lactone-crystallo- 

graphical arid optical properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1276 
Rickets. antirachitic activation of some derivs . of ergosterol and cholesteroI. 2512; 

antirachitic properties of shrimp oil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4940 
Ring closures. in the cyclobutane series . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4074 
Ring enlargement. with diazomethane in the hydroaromatic series . . . . . . . . . . . . .  3456 
Ring formation. polymerization and. 314.711.3292.4110.5279.5289. (correction) . 5307 
Rotatory power . See Optical robtion . 
Rotenic acid. identity of isotubaic acid and . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2480 
Rotenol. cleavageof . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4595 
Rotenone. 1088. 1091, 2480. 2878. 3207. 3603. 4595; constitution of. 1102; soly . 

and optical rotation in certain org . solvents. 2554; alkali fusion of some 
derivs . of. 4505; toxicity to goldfish . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5051 

Rubber. natural and synthetic. 2075. 2077; detn . of S in. 3655; x-ray investiga- 
tionson . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4612 

Rugheimer synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  310 

SAGITTOL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3446 
Salicylic acid. attempted use of activated silica gel in the esterification of. and 

8-naphthol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3023 
Salts . (See also Neutral salt action.) Solns . of. in pure AcOH. 507. 519; temp.- 

conductance curves of solid. 1340; systems water. tertiary butanol and. a t  30 '. 
2282; soly . of Pb(IO3)z in 0.1 N. solns., 2791; study of the products obtained 
bv the reducinrr action of metals upon . in liquid NH3 soln., 3573: effect of 
aaded. upon th; soly . of other. in E~OH. 3962; thermodynamic properties of 
weak acids and bases in solns . of . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5079 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  Samarium. new line in the absorption spectrum of 1937 
Samarium sulfate. magnetic susceptibility of Smz(SO4)38HzO and its variation 

with the temp . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2702 
Saponification. velocity of. of Et formate by NH40H in the presence of NH4 salts . 2604 
Science . ConfQences d'Actualit6s Scientifiaues et Industrielles. 1929 (Lemoine . 

bobk review). 2587; Stuff-The story-of Materials in the ~erivce of Man 
(Beery. bookreview) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3029 

Sedimentation. effect of ions on. of colloidal particles by means of the centrifuge . 1009 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Selenium (Mellor. book review) 4176 

Selenium chlorides. properties of Se Clr. 3483; vapor pressures of SeC14-existence 
of See12 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4680 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Selenium compounds. org 1588 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Selenium oxychloride. action upon ketones 1588 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Semicarbazide. prepn . of 1250 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Sesquiterpene alcohol. sagittol 3446 

Shrimp oil. antirachitic properties of . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4940 
Silica. thermochemistry of the compds . occurring in the system CaO-ALOz-. SO. 

910. 3927; cristobalite liquidus in the alkali oxide-. systems. 1436; adsorption 
of complex NHI ions by. gel. 2584; attempted use of activated. gel in the 
esterification of salicylic acid and 8-naphthol. 3023; density of water ad- 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  sorbed on. gel 4635 
Silicon. high.temp . equil . between Si nitride. N and. 48; reaction of HBr with. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1464: heat capacitv of . a t  low temps 2301 
Silicon nitride. hi;h.temp . equil . between Si. N and . . . . . . . . . . . . . . . . . . . . . . . . . .  48 
Silver, reaction between H2S and. 885; rhodanine test of Feigl for. 2222; influence 

of the solvent on the e . m . f . of Ag-Ag halide cells . . . . . . . . . . . . . . . . . . . . . . . .  3477 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Silver acetate. activity coeff . of 1390 

Silver ammonia chloride. distribution of NHI between toluene and aq . . . . . . . . . . .  192 
Silver ammonia hydroxide. distribution of NHa between toluene and aq ......... 192 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Silver azido-dithiocarbonate 2806 
Silver bromide. thermodynamic of molten solns . of LiBr in . . . . . . . . . .  4650 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Silver chloride. action of Na on 3573; soly of 3586 
Silver compounds. equil . involving some complex ions of Ag and the free energy 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  of some 178 
. . . . .  Sdver cyanide. distribution of HCN between benzene and aq HAg(CN)% 192 
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Silver halides, influence of the solvent on the e. m. f.  of Ag-, cells. . . . . . . . . . . . . .  3477 
Silver iodide, action of Na on. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3573 
Silver ions, equil. involving some complex, 178; catalysis of persulfate oxidations. 1493 
Silver nitrate, potentiometric titrations of phosphates, arsenates and arsenites 

. . . . . . . . . . . . . . . . . . . . . . . . . .  with, 583; addn. compds. with benzyl sulfide.. 1353 
. . . . . . . . . . . . . .  Silver oxalate, catalysis of the thermal decompn. of, by Ag~S04. 3468 

Silver sulfide, catalysis of the thermal decompn. of AgaCzOl by. . . . . . . . . . . . . . . .  3468 
Skraup reaction, applied to the phenylenediamines, 397; with p-aminoresorcin 

dimethyl ether, 3196; modification of the, of quinoline, 3685; with certain 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  azocompds 3974 

Soap, Films (Lawrence, book review). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4178 
Sodium, action on (3-chloro-a,a,a-triphenylethane in liquid NH3, 1042; volumetric 

estn. of, 1349; vapor pressure and vapor density of, 2654; action on some 
org. halides in liquid NH3, 2823; vapor pressure of, 3159; action on AgI and 
AgC1, 3573; action of metallic, oti diphenyl- and ditolyltrichloroethanes, 
3633; direct detn. of, in the presence of A1 and Cr, 4247; reduction of cystine in 
liquid NH3 by metallic, 4500; normal paraffin hydrocarbons of high mol. 
wt. prepd. by the action of, on decamethylene bromide.. ................. 5279 

Sodium alcoholates, interaction of 2,4.dichloroquinazoline with Na phenates 
and, with the replacement of one halogen to form halogen-0 ethers.. ....... 3696 

Sodium bicarbonate, double salt formation among the carbonates and bicar- 
bonates of Na and K . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3813 

Sodium carbonate, double salt formation among the carbonates and bicarbonates 
of Na and K. .  ....................................................... 3813 

Sodium chloride, activity coeff. a t  infinite diln. in water-MeOH mixts., 2353; 
catalysis by, of oxidation of C, 3025: system Na2S04-NaF-H20-. 4202, 4210: 
melting curve of, dihydrate.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4252 

Sodium dichromate, velocity and heat effects involved in the neutralization of, 
........................................................... byNaOH 3098 

Sodium fluoride, system NazSO4-NaC1-HzO-. ........................ .4202, 4210 
Sodium hydroxide, action on cellulose, 1013; velocity and heat effects involved in 

the neutralization of NazCr207 by.. ................................... 3098 
Sodium methide, thermal decompu. of..  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1254 
Sodium methylate, effect of org. bases upon the extent and mechanism of the 

reducing action of, on nitrobenzene and azoxybenzene. ................... 1531 
Sodium peroxide, -C fusion for the decompn. of refractories.. ................. 574 
Sodium phenoxide, reaction with a-chlorohydracrylic acid, 3364, interaction of 

2,4-dichloroquinazoline with Na alcoholates and, with the replacement of one 
halogen to  form halogen-0 ethers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3696 

Sodium phenylacetonitrile.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1069 
Sodium sulfate, system NaF-NaCl-H20-. . . . . . . . . . . . . . . . . . . . . . . . . . .  .4202, 4210 
Sodium trimethyl tin, action on CHzC12, 695; reaction between CHCls and, in 

liquidNHa . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4426 
Sodiumzincacetate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  519 
Soils, Der adsorbierende Bodenkomplex und die adsorbierten Bodenkationen 

als Grundlage der genetischen Bodenklassifikation (Gedroiz, Kuron, Ehren- 
berg, book review), 2158; uronic acids in . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4907 

Solubility, effect of added salts upon the, of other salts in EtOH. .............. 3962 
Solutions, of salts in pure AcOH, 507, 519; soly. of Pb(10,)~ in 0.1 N salt, 2791; 

viscosities of several aq., of org. substances, 3507; thermodynamic properties 
of weak acids and bases in salt.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5079 

Solvents, decompn. of Nz06 in inert, 1472; decompn. of NzOs in chemically active, 
1486; use of dioxane as a, for elec. moment studies, 1838; acetamide and 
formamide as, for the electrodeposition of metal , 2693; influence of the, 
on thee. m. f.  of Ag-Ag halide cells, 3477; heats of diln. of KC1 in sucrose and 
urea solns. as, below 0.1 M at  25'. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4218 

Sorption, nature of the, by charcoal of gases and vapors under great pressure, 
2198; of org. vapors by highly evacuated, activated sugar charcoal. . . . . . . . .  2668 

Sound, attempt to measure the velocity of dissocn. of Nz04 by the method of, 
waves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4661 

Space groups, The Analytical Expression of the Results of the Theory of (Wyckoff, 
book review). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3473 

Specific heats, of gases at  high pressures, 108, 5111 ; of TI, Ca and Mg measured to 
10" abs.. ............................................................ 4686 
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Spectrography, "star trail9' method for the spectrographic quant. detn. of the 
elements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5295 

Spectroscopy, spectroscopic detn. of the decompn. products of org. compds, 2578; 
calcn. of free energy from spectroscopic data, 4808; spectroscopic study of 
the decompn. and synthesis of org. compds. by elec. discharge. . . . . . . . . . . . . . .  5165 

Spectrum. (See also Raman effect ) Calcn. of the heat of activation from band, 
data, 1733; new line in the absorption, of Sm, 1937; absorption, of Nd per- 
chlorate, 3112; line, of ions in the solid state in the visible and ultraviolet 
regions of the spectrum-absorption, of GdBr,&HzO, 3747; continuous (or 
band) fluorescence emission, which accompanies a change of color, 4170; 
absorption, of certain rare earth salts, 4308; emission, of some simple Gas 
derivs., 4755; absorption, of the y-pyrones and pyroxonium salts. .......... 4895 

Spirans, with 4 aromatic radicals on the spiro C atom. ....................... 2881 
Stannous. See Ti'in, etc. 
Starch, fatty acids assocd. with wheat, 808; -iodide reaction, 2768; sepn. and prop- 

erties of the 2 main components of potato. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2907 
Stereochemistry, elec. moments of certain substituted phenols and their rela- 

tion to the, of the 0 atom, 1356; of diphenyl compds., 2054, 2070; synthesis 
and configurations of unsatd. 1,4-diketones and ketonic acids and the stereo- 
chem. mechanism of the addn. of Br, 3423; of diphenylbenzenes, 4098; stereo- 
chem. study of diphenyl-2,2'-disulfonic acid, 4471; of phenylpyridine compds.. 
4528; of diphenyl compds. . . . . . . . . .  . . . . . . . . . . .  5263 

Stereoisomerism, of diphenyl compds . . . . . . . . . . .  1200 
Sterols, of ergot.. . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . .  ,2013, 3688 
Stopcock, inorg., lubricant.. . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  635 
Stuff (Beery, book review). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3029 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Styrenes, diacyl 384 
Substituents, polarities and the orienting influences of, in the benzene ring, 206; 

effects of, on quantum efficiency in the quinone-alc, reaction, 3556; effect 
upon the rearrangement of benzopinacol, 3596; influence of the structure of 
the, on the temp. of decompn. of certain derivs. of malonic acid. .......... 5066 

Substitution, of one atom of N for 3 atoms of C1 in org. compds., 2951; preliminary 
formation of addn. compds. in, reactions of aromatic types. ............... 3349 

Succinic anhydride, action of diazomethane on. ............................. 1558 
Sucrose, heats of diln. of KC1 in, and urea solns. as solvents below 0.1 M a t  25". 4218 
Sugars, relations between rotatory power and structure in the sugar group, 1270, 

1680, 1707, 2101, 2106, 2519, 2534, 4168, (correction), 5307; structure of 
methylated, 1627; ring structures of various compound, 1707, (correction), 
5307; action of Tic14 on derivs. of, 2563, 2568, 2571; Constitution of 
(Haworth, book review), 4618; cupro-potassium carbonate solns. in the 
detn.of reducing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4960 

Sulfides, quant. pptn. of, in buffered solns. . . . . . . . . . . . . . . . . . . . . . . . . . .  ,5135, 5141 
Sulfonation, of 2-naphthol in presence of boric acid.. . . . . . . . . . . . . . . . . . . . . . . .  2835 
Sulfonephthaleins, new series of halogenated. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4954 
Sulfones, prepn. and properties of certain 2060; aryl, of dibasic acids. . . . . . . . . .  2531 
Sulfoxides, prepn. and properties of certain.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2060 
Sulfur (Mellor, book review), 4176; detn. in org. compds., 1075, 1086, 3275; 

........... micro-detn. of, by fusion, 1291; detn. in sulfur oils and rubber.. 3655 
. . . . . . . . . . . . . .  Sulfur hexafluoride, prepn. of, and some of its phys properties 4302 

Sulfuric acid, action on thiocyanates, 581; catalytic "coupling" of MnOn with 
H3P04 or, as an oxidizing agent, 640; relative rates of absorption of the 
gaseous olefins into, a t  25', 721; decompn. of malic acid by, 2746; decompn. 
of citric acid by, 4729; effect of SO8 on the decompn. of oxalic acid by, 4737; 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  inhibition in the decompn. of org. acids by. .  4742 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Sulfur oils, detn. of S in. 3655 

. . . . . . . . . . . . . .  Sulfur trioxide, effect on the decompn. of oxalic acid by HzSOa. 4737 
Surface, approach to the problem of specific, action, 1910; thermal H-0 combina- ..................... tion-formation of H201 and the influence of, nature. 5M6 

.............. Surface energy, effect of temp. on the mol., of binary mixts. .14, 1448 
Surface tension, detn. of, from the max, pull on a ring, 1751; theory of the ring 

method for the detn. of, 1772; drop wt. method for the detn. of, 2287; of 
aq. solns. of p-toluidine, 2289; of liquid N20,2723; in the water-NHs system 

............................................................. a t  20'. 5128 
........................... Sweetening power, of 5-benzyl-2-furfuraldoxime.. 2010 
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TANTALUM (Friend. Marks. book review) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1727 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Tartrates. effect of several factors on the soly of 2241 

..... Taste. attempted correlations of constitution with sweet. in the furan series 2010 
Tellurium tetrachloride. properties of . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3488 
Tellurous acid. detn . of . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  553 
Temperature. effect on the mol . surface energy of binary mixts., 14. 1448; coeff . of 

reactions in soln., 95; coeff . of the synthesis of HCl by light and by a-radia- 
tion. 593; new regulator allowing rapid changes in the setting of the thermo- 
stat. 636; conductance curves of solid salts. 1340; consts . of the Beattie- 
Bridgeman equation of state with Bartlett's P-V-Tdata on N. 1382; heat 
capacities of As. As203 and As205 a t  low. 2296; heat capacity of Si a t  low. 
2301; adsorption of H by Ni a t  low. 2325; heat capacities a t  low. of Sb. 
Sbz03. Sbz04 and Sbz06. 2712; heat capacities of Bi and BifOa a t  low. 2720; 
absorpt~on spectra of GdBra6HeO at  room. and a t  that of liquid air and their 
comparison with those of GdC13.6Hz0, 3747; vapor pressure and crit., of F. 
3839; high. equil . of TiOz and C with T i c  and CO. 3956; Optical Activity and 
High. Measurements (Jaeger. book review). 4174; method and app . for sp . 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
, . heatsathigh 5111 
lerpenes. action of ultraviolet light on . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4093 
Tetraacetyl-a-cyclohexylglucoside . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2568 
Tetraacetyl-8-cyclohexylglucoside . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2568 
Tetraacetyl-a-n-hexylglucoside . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2563 
Tetraacetyl-P-n-hexylglucoside . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2563 
Tetraaryldiarsyls . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  780 
Tetracyclohexyldiphenylethane . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2976 

. . . . . . . . . . . . . . .  Tetraethyldiaminodiphenylfurylmethane hydrochloride. prepn of 4477 
a-Tetrahydrofurfuryl chloride . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3251 
a-Tetrahydrofurfuryl ethers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3251 
Tetramethylbenzenes. vapor pressures of. 1998. (correction) . . . . . . . . . . . . . . . . . .  5309 
Tetramethyloctadiene . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2077 
Thallium. detn . of.36.sp.heatof . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4686 
Thallium azido-dithiocarbonate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2806 
Thallium compounds. triorgano . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2998 
Thallium diethyl triphenylmethyl . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2998 
Thalliumtriethyl . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2998 
Thermochemistry. of the compds . occurring in the system Ca0-A120r.SiOz. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  80. 910. 3927 
Thermodynamics (Schottky. Ulich. Wagner. book review). 852; properties of NHI. 

6; treatment of chem . equil . in systems composed of real gases. 4239; proper- 
ties of molten solns . of PbClz in PbBrz. 4641; properties of molten solns . of 
LiBr in AgBr. 4650; properties of solns . of molten PbClz and ZnC12. 4655; 
entropy of H and the third law of. 4816; properties of weak acids and bases in 
salt solns . and an exact method of detg . their dissocn . consts . . . . . . . . . . . . . . .  5079 

Thermoluminescence. in glasses which contain 2 activators . . . . . . . . . . . . . . . . . . . .  5146 
Thermostat. new regulator allowing rapid changes in the temp . setting of the . . .  636 
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